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We demonstrate the use of the Variational Quantum Eigensolver (VQE) to simulate solid state
crystalline materials. We adapt the Unitary Coupled Cluster ansatz to periodic boundary condi-
tions in real space and momentum space representations and directly map complex cluster operators
to a quantum circuit ansatz to take advantage of the reduced number of excitation operators and
Hamiltonian terms due to momentum conservation. To further reduce required quantum resources,
such as the number of UCCSD amplitudes, circuit depth, required number of qubits and num-
ber of measurement circuits, we investigate a translational Quantum Subspace Expansion method
(TransQSE) for the localized representation of the periodic Hamiltonian. Additionally, we also
demonstrate an extension of the point group symmetry based qubit tapering method to periodic
systems. We compare accuracy and computational costs for a range of geometries for 1D chains of
dimerized hydrogen, helium and lithium hydride with increasing number of momentum space grid
points and also demonstrate VQE calculations for 2D and 3D hydrogen and helium lattices. Our
presented strategies enable the use of near-term quantum hardware to perform solid state simulation
with variational quantum algorithms.
I. INTRODUCTION
The simulation of molecules and materials has been
identified for a long time as one of the key areas that
will benefit from quantum computing. This is due to
the natural way in which electron correlations may be
implemented on quantum hardware, with an exponential
reduction in the memory required to express the corre-
lated wavefunction. As quantum circuits for calculations
of molecular systems have comparatively lower require-
ments than for other applications, they are well suited
for implementation on current and near-term quantum
hardware (the so-called NISQ machines), which is char-
acterized by low numbers of qubits and high levels of
operational noise.
Variational approaches like the Variational Quantum
Eigensolver (VQE) [1] have become the standard for use
on NISQ hardware. Most of the theoretical developments
have focused on the calculation of energies for molecular
systems, while the research on solid state systems has
mostly been taking place on the use of model Hamiltoni-
ans like the Hubbard model or approaches using periodic
boundary conditions (PBC) but requiring fault tolerant
machines [2]. However, implementations of variational
quantum algorithms for PBC systems have been scarce;
we acknowledge band structure calculations for simpli-
fied tight-binding Hamiltonians [3], or total energy cal-
culations for hydrogen chains [4]. PBC is one of the main
workhorses in the calculation of the electronic structure
and properties of extended systems, including crystals,
large polymers, amorphous phases, surfaces and inter-
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faces, via its combination with Density Functional The-
ory in its many flavours. Therefore, quantum algorithms
for solid state calculations that integrate this approxi-
mation are of great interest for their possibility of en-
abling the efficient use of wavefunction methods in pe-
riodic models, thus providing a competitive alternative
to the different density functionals currently in use. This
paper aims to contribute to this research area by present-
ing an adaptation of the VQE algorithm with explicit cal-
culation of the correlation energy to different kinds of pe-
riodic systems including 1D, 2D and 3D lattices, as well
as a new variational algorithm based on the Quantum
Subspace Expansion (QSE) [5, 6] and Non-orthogonal
VQE [7].
Extension of the VQE algorithm to PBC settings re-
quires modifications at many different parts of the ma-
chinery of this method, as a result of the need to include
the dependence with respect to the reciprocal space as-
sociated to the system being calculated. The qubit en-
coding has to be designed in such a way that each qubit
is associated not only to a spin-orbital, but also to a par-
ticular k-point from the reciprocal space sampling grid
considered. In addition, the electronic integrals required
to define the second-quantized Hamiltonian have now k-
point dependence, as well as the ansatz used to construct
the correlated wavefunction.
Our construction of a PBC-adapted VQE algorithm
builds from techniques already investigated in traditional
quantum chemistry and materials science in the frame-
work of wavefunction methods like configuration interac-
tion and coupled cluster theory applied to periodic sys-
tems [8–12]. These techniques have been investigated
with the purpose of approaching electron correlation in
a controlled way, avoiding the uncertainty associated to
the use of Density Functional Theory approaches. This
issue is particularly important in the study of materials
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2with strong electron correlations; representative exam-
ples are Mott-Hubbard insulators or molecular crystals
with strong van der Waals interactions. However, devel-
opment and adoption of these methods by the materials
modeling community has been slow due to their very high
computational cost in comparison with the requirements
for molecular system calculations. Quantum computing
may provide a way to make these approaches feasible to
the wider community, once advances in the capabilities
of quantum hardware are mature enough. It may also
enable the development of novel ideas in the materials
modeling community in the framework of the study of the
performance of the Unitary Coupled Cluster Singles and
Doubles (UCCSD) ansatz in a periodic setting. Bench-
mark studies on classical machines suggest that UCCSD
performs well at the description of many molecular mul-
tireference states compared with the typical non-unitary
ansatz used in calculations on classical machines [13]; its
behaviour in a periodic multireference system remains an
open question. In this sense, our work provides a starting
point to address these complex problems.
In the following sections, we provide a description of
the method, starting by our approach to encode the pe-
riodic wavefunction in a qubit register. This is followed
by a summary of the method for constructing a PBC-
adapted ansatz based on the UCCSD operator. Next, we
explain our work to simplify the state preparation proce-
dure by means of the Translational Quantum Subspace
Expansion approach, a key subject given the extra com-
plexity of a periodic wavefunction in comparison to the
standard one. We wrap up discussion by showing test
calculations on several simple systems, analyzing the re-
sources needed for periodic calculations on quantum com-
puters, and laying out future challenges ahead.
II. METHOD
Solid state simulations are often performed with plane
wave basis sets, in particular mean-field simulations, for
which the necessary integrals can be computed efficiently
with the Fast Fourier Transform method or other grid
based methods. To achieve accurate results for systems
with localized features the number of plane wave basis
functions needs to be relatively large. This problem is
often mitigated by replacing the orbitals and electrons
present in the atomic cores with ultrasoft pseudopoten-
tials or other post-processing techniques involving basis
set rotations [14]. To perform solid state simulations with
periodic boundaries alternative approaches have been de-
veloped using localized basis functions, such as Gaussian
basis sets, which have been extensively used for simula-
tions in areas like heterogeneous catalysis, functional ma-
terials engineering, 2D structures, electron transport or
high-pressure phases, among others [15–30]. The compu-
tation of integrals with localized basis functions is more
expensive than using a plane wave basis set, but the num-
ber of basis functions is significantly smaller, which is
favorable for quantum computations in the NISQ era.
Similarly to the molecular VQE methodology, the VQE
for systems with periodic boundary conditions requires a
set of electronic integrals and orbitals. In this work we
employ localized basis functions which are constructed
from Gaussian functions and adapted to translational
symmetry. The required periodic integral evaluations,
the Hartree–Fock and higher level reference calculations,
such as the classical k-point dependent Coupled Cluster
Singles and Doubles (CCSD) and the Full Configuration
Interaction method (FCI) were performed by the classi-
cal package PySCF 1.7 [31]. There are other available
codes that can provide integrals and perform classical
simulations for periodic systems [32–34] and the detailed
methodology is described in Refs. [9, 35].
Two typical representations of the electronic Hamil-
tonian are based on expansions with real space localized
orbitals and on expansions with orbitals in momentum or
reciprocal space. For a crystal structure that is charac-
terized by its primitive cell and the corresponding lattice
vectors a1, a2 and a3, the second-quantized electronic
Hamiltonian adopts the following form:
HˆR =
∑
RpRq
∑
pq
∑
σ
h
Rpp
Rqq
aˆ†RppσaˆRqqσ+
+
1
2
∑
RpRqRrRs
∑
pqrs,
σσ′
g
Rpp,Rrr
Rqq,Rss
aˆ†Rppσaˆ
†
Rrrσ′ aˆRssσ′ aˆRqqσ
where Rp = l
(1)
p a1 + l
(2)
p a2 + l
(3)
p a3 is a lattice vec-
tor that labels translated primitive cells from the origin,
l
(1)
p ,l
(2)
p and l
(3)
p are integers, aˆRppσ, aˆ
†
Rppσ
are annihila-
tion and creation fermion operators for an orbital p and
spin σ in the primitive cell at Rp, and h
Rpp
Rqq
and g
Rpp,Rrr
Rqq,Rss
are the one- and two-electron integrals [9, 31, 35]. If
the localized orbitals are orthogonal, such as the Wan-
nier orbitals, then the ladder operators satisfy the anti-
commutation relations. In this general form the number
of terms of the Hamiltonian in a supercell that contains
L1, L2, L3 primitive cells in the three respective dimen-
sions scales with O(L4N4) where L = L1L2L3 and N
is the number of orbitals within a primitive cell. The
relation between the real space lattice and the recipro-
cal lattice representations is given by the discrete Fourier
expansion [35]
aˆRpσ =
1√
L
∑
k
eik·Rcˆkpσ (1)
where cˆkpσ is an annihilation operator for the orbital p,
spin σ and label k = k
(1)
L1
b1 +
k(2)
L2
b2 +
k(3)
L3
b3, b1,b2 and
b3 are the reciprocal lattice vectors and k
(1), k(2) and k(3)
are integers such that −Lα2 < k(α) ≤ Lα2 for α = 1, 2, 3.
After the transformation the Hamiltonian takes the form
3TABLE I. Qubit encoding for the Hydrogen chain d = 0.75 A˚,
L = 2 case in momentum space and a = 2.5d.
q(K) k k(1) k(2) k(3) orbital, p spin occ. εp(k)
a (Ha)
0 pia (0, 0, 0) 0 0 0 0 ↑ 1 −0.7159337
1 pia (0, 0, 0) 0 0 0 0 ↓ 1
2 pia (0, 0, 0) 0 0 0 1 ↑ 0 1.5283639
3 pia (0, 0, 0) 0 0 0 1 ↓ 0
4 pia (1, 0, 0) 1 0 0 0 ↑ 1 −0.392922
5 pia (1, 0, 0) 1 0 0 0 ↓ 1
6 pia (1, 0, 0) 1 0 0 1 ↑ 0 0.3863021
7 pia (1, 0, 0) 1 0 0 1 ↓ 0
a Orbital energies
of
HˆK =
∑
k
∑
pq
∑
σ
hkpkq cˆ
†
kpσ cˆkqσ+
+
1
2
′∑
kpkqkrks
∑
pqrs,
σσ′
g
kpp,krr
kqq,kss
cˆ†kppσ cˆ
†
krrσ′ cˆkssσ′ cˆkqqσ
where hkpkq and g
kpp,krr
kqq,kss
are the transformed one- and two-
electron integrals of the periodic system. Due to the con-
servation of crystal momentum, after the transformation
the one electron integrals become diagonal in k and the
non-zero two-electron integrals obey kp+kr−kq−ks = G
where G is a reciprocal lattice vector [9]. The prime sym-
bol in the sum indicate that it is expanded according to
this rule. Consequently, a large amount of 2-electron
operators from the Hamiltonian are discarded and as a
result the number of terms in HˆK reduces to O(L
3N4).
The mean-field calculations are performed in momen-
tum space as the one electron density matrix as well as
the Fock matrix are also diagonal in k, therefore PySCF’s
periodic Hartree–Fock calculation directly provides the
crystal orbitals, which are the periodic analogues of the
molecular orbitals [9]. In addition, PySCF also provides
the corresponding occupations, orbital energies εp(k) and
the integrals hkpkq , g
kpp,krr
kqq,kss
directly in the momentum
space.
In the following subsections, we provide details about
the qubit encoding scheme, the design of the UCCSD-
PBC ansatz with translational symmetry and our deriva-
tion of the TransQSE method.
A. Qubit encoding of quantum numbers
In a molecular VQE calculation the qubit registers are
associated with the spin-orbitals of the molecule. With
the Jordan–Wigner encoding each qubit encodes the elec-
tron occupation of the corresponding spin-orbital. This
correspondence remains the same for the periodic sys-
tems as well, but the spin-orbitals are adapted to the
translational symmetry. In particular, in the momentum
space the so-called crystal spin-orbitals have the addi-
tional label k, and similarly in the real space the spin-
orbitals have the extra label R. Consequently in both
TABLE II. Qubit encoding for the Hydrogen chain d = 0.75 A˚,
L = 3 case in momentum space and a = 2.5d.
q(K) k k(1) k(2) k(3) orbital, p spin occ. εp(k)
a (Ha)
0 2pi3a (0, 0, 0) 0 0 0 0 ↑ 1 −0.7568523
1 2pi3a (0, 0, 0) 0 0 0 0 ↓ 1
2 2pi3a (0, 0, 0) 0 0 0 1 ↑ 0 1.5191321
3 2pi3a (0, 0, 0) 0 0 0 1 ↓ 0
4 2pi3a (1, 0, 0) 1 0 0 0 ↑ 1 −0.5309026
5 2pi3a (1, 0, 0) 1 0 0 0 ↓ 1
6 2pi3a (1, 0, 0) 1 0 0 1 ↑ 0 0.6484053
7 2pi3a (1, 0, 0) 1 0 0 1 ↓ 0
8 2pi3a (−1, 0, 0) −1 0 0 0 ↑ 1 −0.5309026
9 2pi3a (−1, 0, 0) −1 0 0 0 ↓ 1
10 2pi3a (−1, 0, 0) −1 0 0 1 ↑ 0 0.6484053
11 2pi3a (−1, 0, 0) −1 0 0 1 ↓ 0
a Orbital energies
cases the number of qubits required to represent the pe-
riodic wavefunction in a supercell with size L is 2N ×L.
Similarly, the number of electrons is Ne ×L where Ne is
the number of electrons in the primitive cell. The map-
ping between the qubit index and spin-orbitals in the
real space representation, for a supercell with the size
L1, L2, L3 is
qR : (R, p, σ)→ 2N
(
l(1) + L1l
(2) + L1L2l
(3)
)
+ 2p+ σ,
(2)
and the mapping in momentum space is
qK : (k, p, σ)→ 2N
(
k˜(1) + L1k˜
(2) + L1L2k˜
(3)
)
+ 2p+ σ
(3)
where k˜(α) = k(α) mod Lα and we are using the conven-
tion that the orbital index p starts from 0, and σ = 0
represents the up and σ = 1 represents the down-spin.
Table I shows an example of qubit encoding for a hydro-
gen chain with two atoms per primitive cell, the STO-3G
basis set (2 spin-orbitals per H atom) and two k-points
in the reciprocal space grid.
B. Unitary Coupled Cluster ansatz for periodic
systems
The molecular UCCSD ansatz can be easily relabelled
to obtain the UCCSD-PBC ansatz for a localized super-
cell using the mapping qR(R, p, σ) to substitute the com-
posite indices into the usual cluster operator expressions.
For example, the cluster operators for closed shell con-
figurations take the form
Tˆ1 =
′∑
RpRq
′∑
pq
t
Rpp
Rqq
∑
σ
aˆ†RppσaˆRqqσ (4)
Tˆ2 =
1
2
′∑
RpRqRrRs
′∑
pqrs
t
RppRrr
RqqRss
∑
σσ′
aˆ†Rppσaˆ
†
Rrrσ′ aˆRssσ′ aˆRqqσ
(5)
where t
Rpp
Rqq
and t
RppRrr
RqqRss
are the cluster amplitudes cor-
responding to one- and two-electron excitations, respec-
4tively, and the prime symbol indicates that the summa-
tion is over the occupied to unoccupied excitations only.
Since the system has translational invariance, for any
D lattice translation, t
Rpp
Rqq
= t
Rp+D,p
Rq+D,q
and t
RppRrr
RqqRss
=
t
Rp+D,p,Rr+D,r
Rq+D,q,Rs+D,s
= t
RrrRpp
RssRqq
, which can be used to reduce
the number of variational parameters in the VQE opti-
mization. The cluster operators in the momentum space
after the transformation in Equation 1 take the form
Tˆ1 =
′∑
kpkq
′∑
pq
t
kpp
kqq
∑
σ
cˆ†kppσ cˆkqqσ, (6)
Tˆ2 =
1
2
′∑
kpkrkskq
′∑
pqrs
t
kppkrr
kqqkss
∑
σσ′
cˆ†kppσ cˆ
†
krrσ′ cˆkssσ′ cˆkqqσ,
(7)
where the prime symbol indicates the summation is over
the set of occupied to unoccupied excitations and only
for k-points which satisfy the momentum conservation
law [9]. Consequently, the number of cluster amplitudes
and excitations is reduced compared to the real space
supercell case. The simplifications derived from crystal
momentum conservation lead to a scaling of N2occN
2
virtL
3
terms in the cluster operator, where Nocc (Nvirt) corre-
sponds to the number of occupied (virtual) orbitals in
the primitive cell.
In order to map the UCCSD-PBC ansatz to quantum
circuits, the unitary coupled cluster operator is Trotter-
ized and written as a product of Pauli exponentials by
using the Jordan–Wigner transformation:
eTˆ−Tˆ
† ≈
∏
m
∏
n
eiθmPm,n (8)
where θm are independent real parameters and Pm,n are
the corresponding Pauli strings. In the case of momen-
tum space representation, HˆK , the Fourier transforma-
tion Equation 1 introduces complex orbitals, which in
turn result in the presence of complex cluster amplitudes
in the ansatz. One way to avoid the technical difficul-
ties originating from complex amplitudes is the K2G ap-
proach discussed in Ref. [4], which transforms the com-
plex crystal orbitals to real Γ-HF orbitals of an equivalent
supercell. In order to retain the favorable scaling prop-
erties of the momentum representation we directly map
the excitations with complex amplitudes to quantum cir-
cuits. If the complex cluster amplitudes are written as
t
kpp
kqq
= u
kpp
kqq
+ iv
kpp
kqq
,
t
kppkrr
kqqkss
= u
kppkrr
kqqkss
+ iv
kppkrr
kqqkss
then the anti-symmetrized cluster operators take the
form of
Tˆ1 − Tˆ †1 =
′∑
kpkq
pq
u
kpp
kqq
∑
σ
(
cˆ†kppσ cˆkqqσ − cˆ
†
kqqσ
cˆkppσ
)
+ iv
kpp
kqq
∑
σ
(
cˆ†kppσ cˆkqqσ + cˆ
†
kqqσ
cˆkppσ
)
,
Tˆ2 − Tˆ †2 =
1
2
′∑
kpkrkskq
pqrs
u
kppkrr
kqqkss
∑
σσ′
(
cˆ†kppσ cˆ
†
krrσ′ cˆkssσ′ cˆkqqσ − cˆ
†
kqqσ
cˆ†kssσ′ cˆkrrσ′ cˆkppσ
)
+
+iv
kppkrr
kqqkss
∑
σσ′
(
cˆ†kppσ cˆ
†
krrσ′ cˆkssσ′ cˆkqqσ + cˆ
†
kqqσ
cˆ†kssσ′ cˆkrrσ′ cˆkppσ
)
and the imaginary excitation operators are mapped to Pauli strings according to the Jordan–Wigner encoding,
cˆ†AcˆI − cˆ†I cˆA =
i
2
A−1⊗
M=q+1
ZM (YIXA −XIYA) , (9)
i
(
cˆ†AcˆI + cˆ
†
I cˆA
)
=
i
2
A−1⊗
M=q+1
ZM (XIXA + YIYA) (10)
,
cˆ†AcˆI cˆ
†
B cˆJ − cˆ†J cˆB cˆ†I cˆA =
i
8
A−1⊗
P=B+1
ZP
I−1⊗
Q=J+1
ZQ (YJYIYBXA +XJYIXBXA + YJYIXBYA + YJXIXBXA−
YJXIYBYA −XJXIXBYA −XJYIYBYA −XJXIYBXA) , (11)
5i
(
cˆ†Acˆ
†
B cˆJ cˆI + cˆ
†
I cˆ
†
J cˆB cˆA
)
=
i
8
A−1⊗
P=B+1
ZP
I−1⊗
Q=J+1
ZQ (YJYIYBYA +XJXIXBXA +XJYIXBYA + YJXIYBXA+
XJYIYBXA + YJXIXBYA − YJYIXBXA −XJXIYBYA) , (12)
where A > B and I > J are the mapped indices via
qM (k, p, σ). Consequently, in the momentum represen-
tation, θm in Equation 8 corresponds to the real and
imaginary parts of the cluster amplitudes separately with
the Pauli strings in Equations 9, 11, and 10, 12, respec-
tively. We note that the Pauli sub-terms of the real part
of the cluster operators have an odd number of Pauli-
Y s, whereas the sub-terms of the imaginary part have
an even number of Pauli-Y s. The imaginary normal-
isation factor i8 in equations 9 and 11 makes the en-
tire expression real in contrast to equations 10 and 12
which are imaginary. To further reduce the number of
independent parameters one can use t
kpp
kqq
= t
−kpp∗
−kqq and
t
kppkrr
kqqkss
=
(
t
−kpp−krr
−kqq−kss
)∗
= t
krrkpp
ksskqq
. In the Appendix Ta-
bles VI, VII show an explicit list of the cluster operators
in the order in which they are multiplied in the product in
Equation 8. In our calculations if it is not stated we did
not enforce the symmetry constraints for the cluster am-
plitudes. Although enforcing the symmetry constraints
is exact in CCSD, the Trotterization in Equation 8 does
not in general preserve the equivalence of the parameters.
C. Subspace Expansion with Translation operator
The direct application of the UCCSD-PBC ansatz for
strongly coupled systems may require a large number
of k-points (Figure 3). In order to reduce the quickly
growing circuit depth and the number of qubits neces-
sary for a VQE calculation, we compute the ground state
energy of the HˆR via a subspace expansion with lattice
translational operators. We refer to this method as Tran-
sQSE which provides an incremental way to tune between
accuracy and feasibility of the VQE. The method can
be viewed from the perspective of QSE, i.e. the sub-
space is constructed via lattice translational operators,
or alternatively, can be viewed as a special case of non-
orthogonal VQE [7]. In what follows we discuss the Tran-
sQSE for linear chains.
Instead of the full UCCSD-PBC ansatz, a linear combi-
nation of translated and limited UCCSD ansa¨tze is intro-
duced. The limited UCCSD ansa¨tze include excitations
only in a W < L number of primitive cells. In a 1D
system such an ansatz can be constructed as
|Ψ(θ)〉 =
L/∆−1∑
m=0
cmΛˆ
m
∆ |ΨW (θ)〉 (13)
where cm are complex coefficients, |ΨW (θ)〉 is a UCCSD
ansatz on a W number of consecutive primitive cells and
Λˆ∆ is a cyclic translation operator for the ansatz, which
translates any state |R〉 anchored at R to |R+ a1∆〉 =
Λˆ∆ |R〉. All other translated ansa¨tze can be obtained by
subsequently applying the translation operator and for
the supercell size L = L1, Λˆ
L/∆
∆ = Iˆ. The resulting sub-
space matrices are circulants, therefore the eigenvalues
can be explicitly expressed. If for example L/∆ is odd
Ekj (θ) =
〈ΨW (θ)| HˆR |ΨW (θ)〉+ 2
∑L/∆−1
2
m=1 Re 〈ΨW (θ)| HˆRΛˆm∆ |ΨW (θ)〉 eikjm
1 + 2
∑L/∆−1
2
m=1 Re 〈ΨW (θ)| Λˆm∆ |ΨW (θ)〉 eikjm
(14)
where kj =
2pij
L/∆ with 0 ≤ j < L/∆ integers. The ground
state energy in the VQE procedure is determined as
E0 = min
θ
min
kj
Ekj (θ).
While the HˆR operates on the Fock space of the entire su-
percell, the required qubits are determined by the qubit-
region where the ansatz introduces entanglement. The
size of the entanglement range has an upper bound at
2×W × 2N qubits. The indices that belong to the non-
entangled part of the ansatz can be contracted out from
the HˆR with the reference state; that yields
〈ΨW (θ)| HˆRΛˆm∆ |ΨW (θ)〉 =∑
ij
hW,∆,mij Γ
W,∆,m
ij (θ) +
∑
ijkl
hW,∆,mijkl Γ
W,∆,m
ijkl (θ)
where the summation is over the entangled range,
maximum 2 × W × 2N large, and hW,∆,mij ,ΓW,∆,mij (θ),
hW,∆,mijkl , Γ
W,∆,m
ijkl (θ) are the contracted Hamiltonian co-
efficients and the corresponding reduced density matri-
ces. Furthermore, if m,m′ > W then ΓW,∆,mij (θ) =
ΓW,∆,m
′
ij (θ) and Γ
W,∆,m
ijkl (θ) = Γ
W,∆,m′
ijkl (θ) and also
6〈ΨW (θ)|Tm∆ ΨW (θ)〉 =
〈
Ψ(θ)
∣∣∣Λˆm′∆ Ψ(θ)〉, which reduce
the overall number of measurements. With the strate-
gies discussed in [7] the matrix elements can be mapped
to circuits with maximum 4×W × 2N + 1 qubits.
III. RESULTS AND DISCUSSION
In what follows we first demonstrate the discussed
strategies on the hydrogen chain in detail and then show
results for helium and lithium hydride chains and the 2D
and 3D cubic forms of H2 and helium. For the chain
models, we have performed simulations up to 5-k points
(L = 2, 3, 4, 5) for a range of geometrical parameters.
The exact geometries are described in Figure 1 for the 1D
models and Figure 2 for the 2D and 3D models. In or-
der to obtain the Hamiltonian (HˆK) in the second quan-
tized form, we performed 1D Restricted Hartree–Fock
(RHF) calculations in the momentum space with PySCF
that provided the nuclear repulsion energy, the Madelung
correction and the one- and two electron integrals in the
crystal orbitals. To compute the integrals, the Mixed
Density Fitting method was used. To compute the local-
ized form of the Hamiltonian (HˆR) we constructed the
Wannier orbitals from the crystal orbitals with Equa-
tion 1, and transformed the integrals accordingly. For
reference, we also constructed the supercell geometries
and performed Γ point 1D RHF simulations to calcu-
late FCI and CCSD energies and also built the second
quantized Hamiltonian (HˆΓ) with the canonical orbitals
and performed traditional UCCSD calculations. All of
our results in this paper involve closed shell systems to
reduce the computational cost of the calculations, but
they can be extended to open shell systems. In the case
of the hydrogen chains, we favoured the closed shell so-
lution by applying a Peierls-type distortion that leads to
two different H–H bond lengths in alternating positions
along the chain, effectively transforming the system into
a chain of H2 molecules. We use our quantum chemistry
package EUMEN for the quantum simulations, combined
with some functions of the OpenFermion framework [36],
the state-vector simulator Qulacs [37], together with the
retargetable t|ket〉 compiler[38] for circuit optimization.
The VQE calculations were performed with Scipy’s L-
BFGS-B minimizer[39]. In the calculations, for the hy-
drogen lattices we used STO-3G and for the helium lat-
tices we used 6-31G basis sets. The LiH calculations
were performed with a GTH-SZV basis set and GTH-HF
pseudopotentials that replace the Li 1s2 shell. In order to
consistently compare the CCSD and UCCSD-PBC clus-
ter amplitudes, for each amplitude provided by PySCF
we added the corresponding excitations to the cluster
operator, in the order it is defined by PySCF. We con-
structed the cluster operators similarly for HˆR and HˆΓ.
In the Appendix Table VII for L = 3 case we explicitly
list the ordered excitations that were used in this paper.
A. Periodic H4 and the case L = 2
The number of terms in the different representations
of the Hamiltonian significantly differ. For example, for
the L = 2, H2, d = 0.75 A˚ case, for HˆK , HˆR and HˆΓ,
there are 97, 185 and 157 unique normal ordered terms,
respectively, with coefficient larger than 10−8 Ha magni-
tude. However, the number of reduced density matrix el-
ements to be determined via measurements is lower if one
considers the equivalency of some of the matrix elements
within the closed shell UCCSD-PBC ansatz. In particu-
lar, HˆR possesses easily exploitable translational symme-
try, which significantly reduces the number of measure-
ments. Similarly, the cluster operator is impacted by the
choice of the Hamiltonian representation and the number
of variational parameters in the UCCSD ansatz can be
reduced by considering existing symmetries in the sys-
tem. Since the expansion coefficients in Equation 1 are
real for L = 2, the introduction of complex amplitudes
for the HˆK can be avoided. The number of excitation
operators in Tˆ are 24, 44 and 44 for HˆK , HˆR and HˆΓ,
respectively and the number of cluster amplitudes are 10,
20 and 20, respectively.
In addition to the translational symmetry, the internal
symmetries of the primitive cell can also be exploited to
reduce the quantum resources needed to perform a quan-
tum simulation. Although our closed shell UCCSD-PBC
ansatz in the momentum space has 10 variational pa-
rameters without the imaginary part of the amplitudes,
but as it is shown in Table III, one can omit the sin-
gle excitations and the number of variational parameters
eventually can be reduced to 6 due to the redundancy of
excitation operators (See also Table XI in the Appendix).
We note that the Trotterized ansatz depends on the or-
der of excitations, and the equivalency of some ampli-
tudes breaks; for example we found that t0,1,1,10,0,1,0 6= t1,1,0,11,0,0,0
for the UCCSD-PBC. In general optimizing the ordering
of the excitations in the cluster operators can lower the
circuit depth [40].
Furthermore, symmetries, in particular the transla-
tional symmetry, can be used to reduce the required num-
ber of qubits as well. It has been shown previously that
some point group symmetries of molecular systems cor-
respond to Z2 symmetries [41]. This idea is extended fur-
ther to taper qubits for periodic systems by noting that
space groups are used to characterize the symmetries of
infinite periodic systems, correspond to point groups in
reciprocal space. For example, without considering sym-
metries, the L = 2 H2 system is simulated on 8 qubits,
but we found that the quantum circuits can be reduced
to 4 qubits by tapering off qubits corresponding to Z2
symmetries [42]. By using the indexing in Table I, we
identified the following symmetries in the HˆK of L = 2
H2 system: the number symmetry of spin-up electrons
(Z0Z2Z4Z6), number symmetry of spin-down electrons
(Z1Z3Z5Z7), the internal symmetry of the H2 molecule
(Z2Z3Z6Z7) and the translational symmetry across the
supercell (Z4Z5Z6Z7). We use these Z2 symmetries in
7combination with functionality from the OpenFermion
framework to taper off qubits. The derivation is elab-
orated in the Appendix and the optimized amplitudes
obtained with the 4-qubit system are listed in Table XI.
FIG. 1. Chain geometries with (a) hydrogen molecules, (b)
helium atoms, (c) 1D lithium hydride molecules.
FIG. 2. Geometries for higher dimensional calculations with
(a) hydrogen molecular lattice, (b) helium atomic lattice, (c)
hydrogen molecular cube, and (d) helium atomic cube.
B. Chains with higher value of L
In the momentum space representation, the L = 3
case demonstrates the occurrence of complex excitations
which are converted to qubit operators according to
Equations 9 – 12. In the VQE procedure the real and
TABLE III. Cluster amplitudes for the hydrogen chain d =
0.75 A˚, L = 2 case in momentum space.
t
kp,p
kq,q
, t
kp,p,kr,r
kq,q,ks,s
a Initial CCSD UCCSD-PBC
t0,10,0 0 0 0
t1,11,0 0 0 0
t0,1,0,10,0,0,0 −0.016154 −0.022288 −0.022966
t1,1,1,10,0,0,0 −0.056961 −0.082398 −0.081645
t0,1,1,10,0,1,0 0.02126 0.038047 0.037889
t1,1,0,10,0,1,0 0.0395 0.057676 0.057322
t0,1,1,11,0,0,0
b 0.0395 0.057676 0.057322
t1,1,0,11,0,0,0
b 0.02126 0.038047 0.037798
t0,1,0,11,0,1,0 −0.034029 −0.041929 −0.04174
t1,1,1,11,0,1,0 −0.036581 −0.099775 −0.099503
a Since it is a 1D system, the k is represented by the number k(1)
in the amplitude symbol.
b Redundant excitations.
imaginary parts of the complex amplitudes are treated
as independent parameters. The optimized complex am-
plitudes for H2 are in Table V, which shows that the
UCCSD-PBC amplitudes are similar to the CCSD ampli-
tudes. The TransQSE method for L = 2 case is too sim-
ple, therefore we demonstrate this method in the L = 3
case, with a restricted window of W = 2 and ∆ = 1. The
relevant subspace matrix elements are
h0 = 〈ΨW (θ)|H |ΨW (θ)〉 , (15)
h1 = 〈ΨW (θ)|HTˆ∆ |ΨW (θ)〉 , (16)
s1 = 〈ΨW (θ)| Tˆ∆ |ΨW (θ)〉 . (17)
With the strategies discussed in [7] the subspace matrix
elements can be mapped to circuits. In our example cal-
culations we used a state-vector simulation to evaluate
h0, h1 and s1. Once the matrix elements are obtained for
a given set of θ, the energy function
E(θ) = min
n=−1,0,1
h0 + 2 Reh1e
2pii
3 n
1 + 2 Re s1e
2pii
3 n
(18)
is evaluated to find the minimum energy according to the
VQE minimization. Figure 4 shows the ground state en-
ergies for a range of geometrical parameters, as defined in
Figure 1. The initial value of the variational parameters
were randomly generated with normal distribution with
σN = 0.01 and we found that the L-BFGS-B minimizer
may not always find the lowest energy.
General comparisons of the proposed methodologies
for larger values of L and for H2, He and LiH chains
(shown in Figure 1) are summarised in Table IV. We
found that the single Trotter step UCCSD-PBC VQE
procedure in different representations results in very sim-
ilar energies, and also for the investigated systems the
CCSD and UCCSD-PBC energies differ less than the
chemical accuracy. Figure 4 shows the comparison of
CCSD and UCCSD-PBC energies for a range of geomet-
rical parameters defined in Figure 1. Figure 4 and Table
IV also show the comparisons with the TransQSE ener-
gies with W = 2 and ∆ = 1. In the compressed chains
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FIG. 3. Computational resources needed for hydrogen and
Helium chains UCCSD-PBC calculation. The circuit opti-
mization was performed with GuidedPauliSimp.
the TransQSE energies are closer to FCI energies than
in the stretched geometries. We also found that to reach
the converged mean-field energies, (See Figure 3) values
of L in the order of 10 or more are required. This is
not unusual for periodic structures with strong couplings
between their primitive cells. Figure 3 shows the typi-
cal scaling behaviour of the resources to perform a full
UCCSD-PBC method for increasing L. For example, to
perform an L = 9 simulation, the required circuit depths
reach values of the order of 105 and the number of terms
reaches the order of 104. We found that the HˆK rep-
resentation is the most favourable as the circuit depth
and the number of terms are smaller than that of the
other representations, however without significant reduc-
tions they are not suitable for NISQ architecture. The
TransQSE provides a systematic approach to reduce the
computational cost, as the quantum computational re-
sources do not scale with L but with W . For example,
the TransQSE energy for L = 9 with W = 2 requires only
20 parameters and a circuit depth similar to an L = 2
UCCSD calculation.
C. 2- and 3-dimensional cubic hydrogen and helium
We also extended the UCCSD-PBC approach to 2D
and 3D systems. The computational scaling with the
number of L is similar to the 1D case, however L1, L2
and L3 separately need to be increased to reach accu-
rate mean-field energies. Therefore the overall computa-
tional costs increase even more rapidly compared to the
1D case.
To demonstrate that the higher dimensional VQE cal-
culations return similar energies to those of classical
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FIG. 4. Energy calculations for L = 3 for hydrogen chains.
The shaded region is below the accuracy of 1.0 kcal/mol =
1.6 × 10−3 Ha. The HF, FCI, MP2 and CCSD energies were
calculated from Γ-point computations of the supercell.
counterparts as in the 1D cases, we consider simple
square and cubic lattices for 2D and 3D cases, respec-
tively. Here H2 and He systems are focused on, and all
the primitive cell settings including nuclear positions and
atomic basis sets remain the same as the corresponding
1-dimensional systems. We sample a [2, 2] Monkhorst–
Pack k-point mesh [43] in the xy plane (L = 4) for both 2-
and 3-dimensional cases. The sampling along the z axis
should be included for the regular 3-dimensional analysis,
but the direct UCCSD calculations with L = 8 are pro-
hibitively expensive for simulators and devices available
today.
The resulting energies from the higher dimensional
UCCSD-PBC calculations are shown in Table IV. See
the rows with D = 2, 3 and L = 4. The accuracy of all
the higher dimensional UCCSD-PBC calculations is com-
monly better than 10−5 Ha, which is even better than
chemical accuracy (1.0 kcal/mol = 1.6× 10−3 Ha) com-
pared to the FCI results. Larger calculations including
the 3D symmetric k-point sampling (D = 3, L = 8) will
be considered in future work.
In conclusion, we have demonstrated VQE calculations
for periodic systems based second-quantized Hamiltoni-
ans in localized and momentum space representations.
9TABLE IV. Comparison of energy values (in Ha) calculated with different methods on the periodic systems considered in this
work. D stands for the number of dimensions in the periodic model.
d (A˚) D L EΓFCI/L E
Γ
CCSD/L E
Γ
UCCSD-PBC/L E
R
UCCSD-PBC E
K
UCCSD-PBC ETransQSE-W(2)
H2 0.75 1 2 −1.0414576078 −1.0414491762 −1.0414573244 −1.0414573310 −1.0414573245 –
H2 0.75 1 3 −1.1232654641 −1.1231727367 −1.1231804970 −1.1231804857 −1.1231804672 −1.1175183195
H2 0.75 1 5 −1.1051530344 −1.1050265451 −1.1050300023 −1.1050299871 −1.1050299775 −1.0945850884
H2 0.75 1 9 – −1.1019109184 – – – −1.0924256628
H2 0.75 2 4 −1.0080293562 −1.0080185429 −1.0080274642 – −1.0080272592 –
H2
a 0.75 3 4 −1.2012791803 −1.2012520442 −1.2012684209 – −1.2012686107 –
He 1.0 1 2 −2.5285938200 −2.5285812803 −2.5285798759 −2.5285798742 −2.5285798759 –
He 1.0 1 3 −2.7187307339 −2.7187230508 −2.7187216204 −2.7187266239 −2.7187266447 −2.7135013244
He 1.0 1 9 – −2.6848072550 – – – −2.6749113551
He 1.0 2 4 −2.2583587870 −2.2583498391 −2.2583476552 – −2.2583476554 –
Hea 1.0 3 4 −2.9562190137 −2.9562164816 −2.9562162171 – −2.9562162173 –
LiH 2.0 1 3 −7.9828384941 −7.9824545358 −7.9825328540 −7.9825334480 −7.9825334389 –
a A [2, 2] k-point mesh in the xy plane is selected for this calculation.
Choosing different representations of the Hamiltonian
impacts the circuit depth, the number of variational pa-
rameters and number of measurements significantly. We
also found that the introduction of complex amplitudes
requires additional attention and if the imaginary part
of the cluster amplitudes is present the number of Pauli
exponentials doubles. However the circuit depth of the
UCCSD-PBC ansatz is found to be the most favorable in
the momentum space representation.
The resource requirements for the full UCCSD-PBC
ansatz become prohibitively expensive for calculations
with large numbers of k-points, even on quantum com-
puters. We found that by choosing a smaller supercell,
consisting of only W < L primitive cells for the entangled
domain, TransQSE can trade accuracy effectively against
the expensive scaling of the full UCCSD-PBC approach.
The method can be useful for systems requiring a large
number of k-points, where scalability of the method in L
is important.
It is notable however that the discussed strategy only
works for insulating systems, where the occupation of
the orbitals do not change with different k-points. For
metals, where band lines cross the Fermi level, the trans-
formation described by Equation 1 mixes occupied and
virtual orbitals and it is not straightforward to prepare
the reference state. An alternative approach is to use ap-
proximation methods such as maximally localized Wan-
nier orbitals that can generate a realistic localized model
Hamiltonian, which opens up an avenue for more theoret-
ical investigations [44]. While the UCCSD-PBC ansatz
includes single and double excitations, we may expect
future methods selecting the most relevant excitations
to reduce the computation cost further. The TransQSE
method is also complementary to embedding methods
[45], ADAPT-VQE [46] and modified UCCGSD-based
VQE methods [47] for periodic systems [4], and even can
be extended for non-chemistry related ansa¨tze.
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APPENDIX
Appendix A: Cluster Operators for Various Hydrogen Chains
TABLE V: Cluster amplitudes for the hydrogen chain d = 0.75 A˚, L = 3 case in
momentum space.
t
kpp
kqq
/ t
kppkrr
kqqkss
Initial CCSD UCCSD-VQE
Re t0,10,0 0.000000 0.000000 0.000000
Im t0,10,0 0.000000 0.000000 0.000000
Re t1,11,0 0.000000 −0.000003 −0.000009
Im t1,11,0 0.000000 0.000194 0.000628
Re t−1,1−1,0 0.000000 −0.000003 −0.000009
Im t−1,1−1,0 0.000000 −0.000194 −0.000626
Re t0,1,0,10,0,0,0 −0.010619 −0.015747 −0.015933
Im t0,1,0,10,0,0,0 0.000000 0.000000 0.000000
Re t1,1,−1,10,0,0,0 −0.024497 −0.030556 −0.030401
Im t1,1,−1,10,0,0,0 0.000000 0.000000 0.000000
Re t−1,1,1,10,0,0,0 −0.024497 −0.030556 −0.030401
Im t−1,1,1,10,0,0,0 0.000000 0.000000 0.000000
Re t0,1,1,10,0,1,0 0.012718 0.020061 0.019998
Im t0,1,1,10,0,1,0 0.000190 0.000299 0.000299
Re t1,1,0,10,0,1,0 0.018300 0.028593 0.028545
Im t1,1,0,10,0,1,0 0.000273 0.000427 0.000426
Re t−1,1,−1,10,0,1,0 −0.008978 −0.012927 −0.012861
Im t−1,1,−1,10,0,1,0 −0.012466 −0.017949 −0.017868
Re t0,1,−1,10,0,−1,0 0.012718 0.020061 0.019946
Im t0,1,−1,10,0,−1,0 −0.000190 −0.000299 −0.000300
Re t1,1,1,10,0,−1,0 −0.008978 −0.012927 −0.012845
Im t1,1,1,10,0,−1,0 0.012466 0.017949 0.017849
Re t−1,1,0,10,0,−1,0 0.018300 0.028593 0.028422
Im t−1,1,0,10,0,−1,0 −0.000273 −0.000427 −0.000428
Re t0,1,1,11,0,0,0 0.018300 0.028593 0.028547
Im t0,1,1,11,0,0,0 0.000273 0.000427 0.000427
Re t1,1,0,11,0,0,0 0.012718 0.020061 0.019989
Im t1,1,0,11,0,0,0 0.000190 0.000299 0.000299
Re t−1,1,−1,11,0,0,0 −0.008978 −0.012927 −0.012862
Im t−1,1,−1,11,0,0,0 −0.012466 −0.017949 −0.017868
Re t0,1,−1,11,0,1,0 0.007545 0.010275 0.010244
Im t0,1,−1,11,0,1,0 0.010814 0.014726 0.014683
Re t1,1,1,11,0,1,0 −0.013769 −0.034132 −0.034195
Im t1,1,1,11,0,1,0 −0.000411 −0.001019 −0.001016
Re t−1,1,0,11,0,1,0 0.007545 0.010275 0.010246
Im t−1,1,0,11,0,1,0 0.010814 0.014726 0.014685
Re t0,1,0,11,0,−1,0 −0.016183 −0.017971 −0.017900
Im t0,1,0,11,0,−1,0 0.000000 0.000000 0.000004
Re t1,1,−1,11,0,−1,0 −0.020112 −0.029092 −0.029135
Im t1,1,−1,11,0,−1,0 0.000000 0.000000 0.000008
Re t−1,1,1,11,0,−1,0 −0.056000 −0.071723 −0.071538
Im t−1,1,1,11,0,−1,0 0.000000 0.000000 0.000019
Re t0,1,−1,1−1,0,0,0 0.018300 0.028593 0.028403
Im t0,1,−1,1−1,0,0,0 −0.000273 −0.000427 −0.000428
Re t1,1,1,1−1,0,0,0 −0.008978 −0.012927 −0.012846
Im t1,1,1,1−1,0,0,0 0.012466 0.017949 0.017850
Re t−1,1,0,1−1,0,0,0 0.012718 0.020061 0.019923
Im t−1,1,0,1−1,0,0,0 −0.000190 −0.000299 −0.000300
Re t0,1,0,1−1,0,1,0 −0.016183 −0.017971 −0.017905
Im t0,1,0,1−1,0,1,0 0.000000 0.000000 0.000004
Re t1,1,−1,1−1,0,1,0 −0.056000 −0.071723 −0.071552
Im t1,1,−1,1−1,0,1,0 0.000000 0.000000 0.000017
Re t−1,1,1,1−1,0,1,0 −0.020112 −0.029092 −0.028955
Im t−1,1,1,1−1,0,1,0 0.000000 0.000000 0.000007
Re t0,1,1,1−1,0,−1,0 0.007545 0.010275 0.010292
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Im t0,1,1,1−1,0,−1,0 −0.010814 −0.014726 −0.014756
Re t1,1,0,1−1,0,−1,0 0.007545 0.010275 0.010292
Im t1,1,0,1−1,0,−1,0 −0.010814 −0.014726 −0.014756
Re t−1,1,−1,1−1,0,−1,0 −0.013769 −0.034132 −0.034181
Im t−1,1,−1,1−1,0,−1,0 0.000411 0.001019 0.001022
TABLE VI: Cluster operators for the Hydrogen chain STO-3G, L = 2
case in momentum space.
Amplitudes Excitations Parameters Reduced Parameters Exponents Tapered Exponents
Re t
0,1
0,0
c
†
0,1,↑c0,0,↑
+c
†
0,1,↓c0,0,↓
θ0 –
−0.5iX0Z1Y2+0.5iY0Z1X2
−0.5iX1Z2Y3+0.5iY1Z2X3
–
Im t
0,1
0,0
ic
†
0,1,↑c0,0,↑
+ic
†
0,1,↓c0,0,↓
θ1 –
0.5iX0Z1X2+0.5iY0Z1Y2
+0.5iX1Z2X3+0.5iY1Z2Y3
–
Re t
1,1
1,0
c
†
1,1,↑c1,0,↑
+c
†
1,1,↓c1,0,↓
θ2 –
−0.5iX4Z5Y6+0.5iY4Z5X6
−0.5iX5Z6Y7+0.5iY5Z6X7
–
Im t
1,1
1,0
ic
†
1,1,↑c1,0,↑
+ic
†
1,1,↓c1,0,↓
θ3 –
0.5iX4Z5X6+0.5iY4Z5Y6
+0.5iX5Z6X7+0.5iY5Z6Y7
–
Re t
0,1,0,1
0,0,0,0
0.5c
†
0,1,↑c0,0,↑c
†
0,1,↑c0,0,↑
+0.5c
†
0,1,↑c0,0,↑c
†
0,1,↓c0,0,↓
+0.5c
†
0,1,↓c0,0,↓c
†
0,1,↑c0,0,↑
+0.5c
†
0,1,↓c0,0,↓c
†
0,1,↓c0,0,↓
θ4 θ
′
0
−0.125iX0X1X2Y3−0.125iX0X1Y2X3
+0.125iX0Y1X2X3−0.125iX0Y1Y2Y3
+0.125iY0X1X2X3−0.125iY0X1Y2Y3
+0.125iY0Y1X2Y3+0.125iY0Y1Y2X3
−0.25iY0Z2Z3
−0.25iY0
+0.25iY0Z1Z2
+0.25iY0Z1Z3
Im t
0,1,0,1
0,0,0,0
0.5ic
†
0,1,↑c0,0,↑c
†
0,1,↑c0,0,↑
+0.5ic
†
0,1,↑c0,0,↑c
†
0,1,↓c0,0,↓
+0.5ic
†
0,1,↓c0,0,↓c
†
0,1,↑c0,0,↑
+0.5ic
†
0,1,↓c0,0,↓c
†
0,1,↓c0,0,↓
θ5 –
0.125iX0X1X2X3−0.125iX0X1Y2Y3
+0.125iX0Y1X2Y3+0.125iX0Y1Y2X3
+0.125iY0X1X2Y3+0.125iY0X1Y2X3
−0.125iY0Y1X2X3+0.125iY0Y1Y2Y3
–
Re t
1,1,1,1
0,0,0,0
0.5c
†
1,1,↑c0,0,↑c
†
1,1,↑c0,0,↑
+0.5c
†
1,1,↑c0,0,↑c
†
1,1,↓c0,0,↓
+0.5c
†
1,1,↓c0,0,↓c
†
1,1,↑c0,0,↑
+0.5c
†
1,1,↓c0,0,↓c
†
1,1,↓c0,0,↓
θ6 θ
′
1
−0.125iX0X1X6Y7−0.125iX0X1Y6X7
+0.125iX0Y1X6X7−0.125iX0Y1Y6Y7
+0.125iY0X1X6X7−0.125iY0X1Y6Y7
+0.125iY0Y1X6Y7+0.125iY0Y1Y6X7
−0.25iY2X3
−0.25iX2Y3
+0.25iZ0Z1Y2X3
+0.25iZ0Z1X2Y3
Im t
1,1,1,1
0,0,0,0
0.5ic
†
1,1,↑c0,0,↑c
†
1,1,↑c0,0,↑
+0.5ic
†
1,1,↑c0,0,↑c
†
1,1,↓c0,0,↓
+0.5ic
†
1,1,↓c0,0,↓c
†
1,1,↑c0,0,↑
+0.5ic
†
1,1,↓c0,0,↓c
†
1,1,↓c0,0,↓
θ7 –
0.125iX0X1X6X7−0.125iX0X1Y6Y7
+0.125iX0Y1X6Y7+0.125iX0Y1Y6X7
+0.125iY0X1X6Y7+0.125iY0X1Y6X7
−0.125iY0Y1X6X7+0.125iY0Y1Y6Y7
–
Re t
0,1,1,1
0,0,1,0
0.5c
†
0,1,↑c0,0,↑c
†
1,1,↑c1,0,↑
+0.5c
†
0,1,↑c0,0,↑c
†
1,1,↓c1,0,↓
+0.5c
†
0,1,↓c0,0,↓c
†
1,1,↑c1,0,↑
+0.5c
†
0,1,↓c0,0,↓c
†
1,1,↓c1,0,↓
θ8 θ
′
2/2
−0.0625iX0Z1X2X4Z5Y6+0.0625iX0Z1X2Y4Z5X6
−0.0625iX0Z1X2X5Z6Y7+0.0625iX0Z1X2Y5Z6X7
−0.0625iX0Z1Y2X4Z5X6−0.0625iX0Z1Y2Y4Z5Y6
−0.0625iX0Z1Y2X5Z6X7−0.0625iX0Z1Y2Y5Z6Y7
+0.0625iY0Z1X2X4Z5X6+0.0625iY0Z1X2Y4Z5Y6
+0.0625iY0Z1X2X5Z6X7+0.0625iY0Z1X2Y5Z6Y7
−0.0625iY0Z1Y2X4Z5Y6+0.0625iY0Z1Y2Y4Z5X6
−0.0625iY0Z1Y2X5Z6Y7+0.0625iY0Z1Y2Y5Z6X7
−0.0625iX1Z2X3X4Z5Y6+0.0625iX1Z2X3Y4Z5X6
−0.0625iX1Z2X3X5Z6Y7+0.0625iX1Z2X3Y5Z6X7
−0.0625iX1Z2Y3X4Z5X6−0.0625iX1Z2Y3Y4Z5Y6
−0.0625iX1Z2Y3X5Z6X7−0.0625iX1Z2Y3Y5Z6Y7
+0.0625iY1Z2X3X4Z5X6+0.0625iY1Z2X3Y4Z5Y6
+0.0625iY1Z2X3X5Z6X7+0.0625iY1Z2X3Y5Z6Y7
−0.0625iY1Z2Y3X4Z5Y6+0.0625iY1Z2Y3Y4Z5X6
−0.0625iY1Z2Y3X5Z6Y7+0.0625iY1Z2Y3Y5Z6X7
+0.125iZ0X1Z2Y3
+0.125iX1Y3
−0.125iZ0Y1Z2X3
−0.125iY1X3
+0.125iY0X2
+0.125iX0Y2
−0.125iY0Z1X2Z3
−0.125iX0Z1Y2Z3
+0.125iZ0Z1Y2
+0.125iZ1Y2Z3
−0.125iZ0Y2Z3
−0.125iY2
−0.125iY0Y1Y3
+0.125iX0Y1X3
−0.125iY0X1X3
−0.125iX0X1Y3
Im t
0,1,1,1
0,0,1,0
0.5ic
†
0,1,↑c0,0,↑c
†
1,1,↑c1,0,↑
+0.5ic
†
0,1,↑c0,0,↑c
†
1,1,↓c1,0,↓
+0.5ic
†
0,1,↓c0,0,↓c
†
1,1,↑c1,0,↑
+0.5ic
†
0,1,↓c0,0,↓c
†
1,1,↓c1,0,↓
θ9 –
0.0625iX0Z1X2X4Z5X6+0.0625iX0Z1X2Y4Z5Y6
+0.0625iX0Z1X2X5Z6X7+0.0625iX0Z1X2Y5Z6Y7
−0.0625iX0Z1Y2X4Z5Y6+0.0625iX0Z1Y2Y4Z5X6
−0.0625iX0Z1Y2X5Z6Y7+0.0625iX0Z1Y2Y5Z6X7
+0.0625iY0Z1X2X4Z5Y6−0.0625iY0Z1X2Y4Z5X6
+0.0625iY0Z1X2X5Z6Y7−0.0625iY0Z1X2Y5Z6X7
+0.0625iY0Z1Y2X4Z5X6+0.0625iY0Z1Y2Y4Z5Y6
+0.0625iY0Z1Y2X5Z6X7+0.0625iY0Z1Y2Y5Z6Y7
+0.0625iX1Z2X3X4Z5X6+0.0625iX1Z2X3Y4Z5Y6
+0.0625iX1Z2X3X5Z6X7+0.0625iX1Z2X3Y5Z6Y7
−0.0625iX1Z2Y3X4Z5Y6+0.0625iX1Z2Y3Y4Z5X6
−0.0625iX1Z2Y3X5Z6Y7+0.0625iX1Z2Y3Y5Z6X7
+0.0625iY1Z2X3X4Z5Y6−0.0625iY1Z2X3Y4Z5X6
+0.0625iY1Z2X3X5Z6Y7−0.0625iY1Z2X3Y5Z6X7
+0.0625iY1Z2Y3X4Z5X6+0.0625iY1Z2Y3Y4Z5Y6
+0.0625iY1Z2Y3X5Z6X7+0.0625iY1Z2Y3Y5Z6Y7
–
Re t
1,1,0,1
0,0,1,0
0.5c
†
1,1,↑c0,0,↑c
†
0,1,↑c1,0,↑
+0.5c
†
1,1,↑c0,0,↑c
†
0,1,↓c1,0,↓
+0.5c
†
1,1,↓c0,0,↓c
†
0,1,↑c1,0,↑
+0.5c
†
1,1,↓c0,0,↓c
†
0,1,↓c1,0,↓
θ10 θ
′
3/2
0.0625iX0Z1X2X4Z5Y6−0.0625iX0Z1X2Y4Z5X6
+0.0625iX0Z1Y2X4Z5X6+0.0625iX0Z1Y2Y4Z5Y6
+0.0625iX0Z1Z2X3X5Y6−0.0625iX0Z1Z2X3Y5X6
+0.0625iX0Z1Z2Y3X5X6+0.0625iX0Z1Z2Y3Y5Y6
−0.0625iY0Z1X2X4Z5X6−0.0625iY0Z1X2Y4Z5Y6
+0.0625iY0Z1Y2X4Z5Y6−0.0625iY0Z1Y2Y4Z5X6
−0.0625iY0Z1Z2X3X5X6−0.0625iY0Z1Z2X3Y5Y6
+0.0625iY0Z1Z2Y3X5Y6−0.0625iY0Z1Z2Y3Y5X6
+0.0625iX1X2X4Z5Z6Y7−0.0625iX1X2Y4Z5Z6X7
+0.0625iX1Y2X4Z5Z6X7+0.0625iX1Y2Y4Z5Z6Y7
+0.0625iX1Z2X3X5Z6Y7−0.0625iX1Z2X3Y5Z6X7
+0.0625iX1Z2Y3X5Z6X7+0.0625iX1Z2Y3Y5Z6Y7
−0.0625iY1X2X4Z5Z6X7−0.0625iY1X2Y4Z5Z6Y7
+0.0625iY1Y2X4Z5Z6Y7−0.0625iY1Y2Y4Z5Z6X7
−0.0625iY1Z2X3X5Z6X7−0.0625iY1Z2X3Y5Z6Y7
+0.0625iY1Z2Y3X5Z6Y7−0.0625iY1Z2Y3Y5Z6X7
−0.125iX0X1Y2
−0.125iY0X1X2
+0.125iX0Y1X2
−0.125iY0Y1Y2
−0.125iY3
−0.125iZ0Z2Y3
+0.125iZ1Z2Y3
+0.125iZ0Z1Y3
−0.125iZ0Z1Y2
−0.125iZ1Y2Z3
+0.125iZ0Y2Z3
+0.125iY2
+0.125iY0Y1Y3
−0.125iX0Y1X3
+0.125iY0X1X3
+0.125iX0X1Y3
13
Im t
1,1,0,1
0,0,1,0
0.5ic
†
1,1,↑c0,0,↑c
†
0,1,↑c1,0,↑
+0.5ic
†
1,1,↑c0,0,↑c
†
0,1,↓c1,0,↓
+0.5ic
†
1,1,↓c0,0,↓c
†
0,1,↑c1,0,↑
+0.5ic
†
1,1,↓c0,0,↓c
†
0,1,↓c1,0,↓
θ11 –
−0.0625iX0Z1X2X4Z5X6−0.0625iX0Z1X2Y4Z5Y6
+0.0625iX0Z1Y2X4Z5Y6−0.0625iX0Z1Y2Y4Z5X6
−0.0625iX0Z1Z2X3X5X6−0.0625iX0Z1Z2X3Y5Y6
+0.0625iX0Z1Z2Y3X5Y6−0.0625iX0Z1Z2Y3Y5X6
−0.0625iY0Z1X2X4Z5Y6+0.0625iY0Z1X2Y4Z5X6
−0.0625iY0Z1Y2X4Z5X6−0.0625iY0Z1Y2Y4Z5Y6
−0.0625iY0Z1Z2X3X5Y6+0.0625iY0Z1Z2X3Y5X6
−0.0625iY0Z1Z2Y3X5X6−0.0625iY0Z1Z2Y3Y5Y6
−0.0625iX1X2X4Z5Z6X7−0.0625iX1X2Y4Z5Z6Y7
+0.0625iX1Y2X4Z5Z6Y7−0.0625iX1Y2Y4Z5Z6X7
−0.0625iX1Z2X3X5Z6X7−0.0625iX1Z2X3Y5Z6Y7
+0.0625iX1Z2Y3X5Z6Y7−0.0625iX1Z2Y3Y5Z6X7
−0.0625iY1X2X4Z5Z6Y7+0.0625iY1X2Y4Z5Z6X7
−0.0625iY1Y2X4Z5Z6X7−0.0625iY1Y2Y4Z5Z6Y7
−0.0625iY1Z2X3X5Z6Y7+0.0625iY1Z2X3Y5Z6X7
−0.0625iY1Z2Y3X5Z6X7−0.0625iY1Z2Y3Y5Z6Y7
–
Re t
0,1,1,1
1,0,0,0
0.5c
†
0,1,↑c1,0,↑c
†
1,1,↑c0,0,↑
+0.5c
†
0,1,↑c1,0,↑c
†
1,1,↓c0,0,↓
+0.5c
†
0,1,↓c1,0,↓c
†
1,1,↑c0,0,↑
+0.5c
†
0,1,↓c1,0,↓c
†
1,1,↓c0,0,↓
θ12 –
0.0625iX0Z1X2X4Z5Y6−0.0625iX0Z1X2Y4Z5X6
+0.0625iX0Z1Y2X4Z5X6+0.0625iX0Z1Y2Y4Z5Y6
+0.0625iX0Z1Z2X3X5Y6−0.0625iX0Z1Z2X3Y5X6
+0.0625iX0Z1Z2Y3X5X6+0.0625iX0Z1Z2Y3Y5Y6
−0.0625iY0Z1X2X4Z5X6−0.0625iY0Z1X2Y4Z5Y6
+0.0625iY0Z1Y2X4Z5Y6−0.0625iY0Z1Y2Y4Z5X6
−0.0625iY0Z1Z2X3X5X6−0.0625iY0Z1Z2X3Y5Y6
+0.0625iY0Z1Z2Y3X5Y6−0.0625iY0Z1Z2Y3Y5X6
+0.0625iX1X2X4Z5Z6Y7−0.0625iX1X2Y4Z5Z6X7
+0.0625iX1Y2X4Z5Z6X7+0.0625iX1Y2Y4Z5Z6Y7
+0.0625iX1Z2X3X5Z6Y7−0.0625iX1Z2X3Y5Z6X7
+0.0625iX1Z2Y3X5Z6X7+0.0625iX1Z2Y3Y5Z6Y7
−0.0625iY1X2X4Z5Z6X7−0.0625iY1X2Y4Z5Z6Y7
+0.0625iY1Y2X4Z5Z6Y7−0.0625iY1Y2Y4Z5Z6X7
−0.0625iY1Z2X3X5Z6X7−0.0625iY1Z2X3Y5Z6Y7
+0.0625iY1Z2Y3X5Z6Y7−0.0625iY1Z2Y3Y5Z6X7
–
Im t
0,1,1,1
1,0,0,0
0.5ic
†
0,1,↑c1,0,↑c
†
1,1,↑c0,0,↑
+0.5ic
†
0,1,↑c1,0,↑c
†
1,1,↓c0,0,↓
+0.5ic
†
0,1,↓c1,0,↓c
†
1,1,↑c0,0,↑
+0.5ic
†
0,1,↓c1,0,↓c
†
1,1,↓c0,0,↓
θ13 –
−0.0625iX0Z1X2X4Z5X6−0.0625iX0Z1X2Y4Z5Y6
+0.0625iX0Z1Y2X4Z5Y6−0.0625iX0Z1Y2Y4Z5X6
−0.0625iX0Z1Z2X3X5X6−0.0625iX0Z1Z2X3Y5Y6
+0.0625iX0Z1Z2Y3X5Y6−0.0625iX0Z1Z2Y3Y5X6
−0.0625iY0Z1X2X4Z5Y6+0.0625iY0Z1X2Y4Z5X6
−0.0625iY0Z1Y2X4Z5X6−0.0625iY0Z1Y2Y4Z5Y6
−0.0625iY0Z1Z2X3X5Y6+0.0625iY0Z1Z2X3Y5X6
−0.0625iY0Z1Z2Y3X5X6−0.0625iY0Z1Z2Y3Y5Y6
−0.0625iX1X2X4Z5Z6X7−0.0625iX1X2Y4Z5Z6Y7
+0.0625iX1Y2X4Z5Z6Y7−0.0625iX1Y2Y4Z5Z6X7
−0.0625iX1Z2X3X5Z6X7−0.0625iX1Z2X3Y5Z6Y7
+0.0625iX1Z2Y3X5Z6Y7−0.0625iX1Z2Y3Y5Z6X7
−0.0625iY1X2X4Z5Z6Y7+0.0625iY1X2Y4Z5Z6X7
−0.0625iY1Y2X4Z5Z6X7−0.0625iY1Y2Y4Z5Z6Y7
−0.0625iY1Z2X3X5Z6Y7+0.0625iY1Z2X3Y5Z6X7
−0.0625iY1Z2Y3X5Z6X7−0.0625iY1Z2Y3Y5Z6Y7
–
Re t
1,1,0,1
1,0,0,0
0.5c
†
1,1,↑c1,0,↑c
†
0,1,↑c0,0,↑
+0.5c
†
1,1,↑c1,0,↑c
†
0,1,↓c0,0,↓
+0.5c
†
1,1,↓c1,0,↓c
†
0,1,↑c0,0,↑
+0.5c
†
1,1,↓c1,0,↓c
†
0,1,↓c0,0,↓
θ14 –
−0.0625iX0Z1X2X4Z5Y6+0.0625iX0Z1X2Y4Z5X6
−0.0625iX0Z1X2X5Z6Y7+0.0625iX0Z1X2Y5Z6X7
−0.0625iX0Z1Y2X4Z5X6−0.0625iX0Z1Y2Y4Z5Y6
−0.0625iX0Z1Y2X5Z6X7−0.0625iX0Z1Y2Y5Z6Y7
+0.0625iY0Z1X2X4Z5X6+0.0625iY0Z1X2Y4Z5Y6
+0.0625iY0Z1X2X5Z6X7+0.0625iY0Z1X2Y5Z6Y7
−0.0625iY0Z1Y2X4Z5Y6+0.0625iY0Z1Y2Y4Z5X6
−0.0625iY0Z1Y2X5Z6Y7+0.0625iY0Z1Y2Y5Z6X7
−0.0625iX1Z2X3X4Z5Y6+0.0625iX1Z2X3Y4Z5X6
−0.0625iX1Z2X3X5Z6Y7+0.0625iX1Z2X3Y5Z6X7
−0.0625iX1Z2Y3X4Z5X6−0.0625iX1Z2Y3Y4Z5Y6
−0.0625iX1Z2Y3X5Z6X7−0.0625iX1Z2Y3Y5Z6Y7
+0.0625iY1Z2X3X4Z5X6+0.0625iY1Z2X3Y4Z5Y6
+0.0625iY1Z2X3X5Z6X7+0.0625iY1Z2X3Y5Z6Y7
−0.0625iY1Z2Y3X4Z5Y6+0.0625iY1Z2Y3Y4Z5X6
−0.0625iY1Z2Y3X5Z6Y7+0.0625iY1Z2Y3Y5Z6X7
–
Im t
1,1,0,1
1,0,0,0
0.5ic
†
1,1,↑c1,0,↑c
†
0,1,↑c0,0,↑
+0.5ic
†
1,1,↑c1,0,↑c
†
0,1,↓c0,0,↓
+0.5ic
†
1,1,↓c1,0,↓c
†
0,1,↑c0,0,↑
+0.5ic
†
1,1,↓c1,0,↓c
†
0,1,↓c0,0,↓
θ15 –
0.0625iX0Z1X2X4Z5X6+0.0625iX0Z1X2Y4Z5Y6
+0.0625iX0Z1X2X5Z6X7+0.0625iX0Z1X2Y5Z6Y7
−0.0625iX0Z1Y2X4Z5Y6+0.0625iX0Z1Y2Y4Z5X6
−0.0625iX0Z1Y2X5Z6Y7+0.0625iX0Z1Y2Y5Z6X7
+0.0625iY0Z1X2X4Z5Y6−0.0625iY0Z1X2Y4Z5X6
+0.0625iY0Z1X2X5Z6Y7−0.0625iY0Z1X2Y5Z6X7
+0.0625iY0Z1Y2X4Z5X6+0.0625iY0Z1Y2Y4Z5Y6
+0.0625iY0Z1Y2X5Z6X7+0.0625iY0Z1Y2Y5Z6Y7
+0.0625iX1Z2X3X4Z5X6+0.0625iX1Z2X3Y4Z5Y6
+0.0625iX1Z2X3X5Z6X7+0.0625iX1Z2X3Y5Z6Y7
−0.0625iX1Z2Y3X4Z5Y6+0.0625iX1Z2Y3Y4Z5X6
−0.0625iX1Z2Y3X5Z6Y7+0.0625iX1Z2Y3Y5Z6X7
+0.0625iY1Z2X3X4Z5Y6−0.0625iY1Z2X3Y4Z5X6
+0.0625iY1Z2X3X5Z6Y7−0.0625iY1Z2X3Y5Z6X7
+0.0625iY1Z2Y3X4Z5X6+0.0625iY1Z2Y3Y4Z5Y6
+0.0625iY1Z2Y3X5Z6X7+0.0625iY1Z2Y3Y5Z6Y7
–
Re t
0,1,0,1
1,0,1,0
0.5c
†
0,1,↑c1,0,↑c
†
0,1,↑c1,0,↑
+0.5c
†
0,1,↑c1,0,↑c
†
0,1,↓c1,0,↓
+0.5c
†
0,1,↓c1,0,↓c
†
0,1,↑c1,0,↑
+0.5c
†
0,1,↓c1,0,↓c
†
0,1,↓c1,0,↓
θ16 θ
′
4
0.125iX2X3X4Y5+0.125iX2X3Y4X5
−0.125iX2Y3X4X5+0.125iX2Y3Y4Y5
−0.125iY2X3X4X5+0.125iY2X3Y4Y5
−0.125iY2Y3X4Y5−0.125iY2Y3Y4X5
−0.25iY0X1Z2Z3
−0.25iY0X1
+0.25iX0Y1Z2Z3
+0.25iX0Y1
Im t
0,1,0,1
1,0,1,0
0.5ic
†
0,1,↑c1,0,↑c
†
0,1,↑c1,0,↑
+0.5ic
†
0,1,↑c1,0,↑c
†
0,1,↓c1,0,↓
+0.5ic
†
0,1,↓c1,0,↓c
†
0,1,↑c1,0,↑
+0.5ic
†
0,1,↓c1,0,↓c
†
0,1,↓c1,0,↓
θ17 –
0.125iX2X3X4X5−0.125iX2X3Y4Y5
+0.125iX2Y3X4Y5+0.125iX2Y3Y4X5
+0.125iY2X3X4Y5+0.125iY2X3Y4X5
−0.125iY2Y3X4X5+0.125iY2Y3Y4Y5
–
Re t
1,1,1,1
1,0,1,0
0.5c
†
1,1,↑c1,0,↑c
†
1,1,↑c1,0,↑
+0.5c
†
1,1,↑c1,0,↑c
†
1,1,↓c1,0,↓
+0.5c
†
1,1,↓c1,0,↓c
†
1,1,↑c1,0,↑
+0.5c
†
1,1,↓c1,0,↓c
†
1,1,↓c1,0,↓
θ18 θ
′
5
−0.125iX4X5X6Y7−0.125iX4X5Y6X7
+0.125iX4Y5X6X7−0.125iX4Y5Y6Y7
+0.125iY4X5X6X7−0.125iY4X5Y6Y7
+0.125iY4Y5X6Y7+0.125iY4Y5Y6X7
−0.25iX1Y2X3
−0.25iX1X2Y3
−0.25iY1Y2Y3
+0.25iY1X2X3
Im t
1,1,1,1
1,0,1,0
0.5ic
†
1,1,↑c1,0,↑c
†
1,1,↑c1,0,↑
+0.5ic
†
1,1,↑c1,0,↑c
†
1,1,↓c1,0,↓
+0.5ic
†
1,1,↓c1,0,↓c
†
1,1,↑c1,0,↑
+0.5ic
†
1,1,↓c1,0,↓c
†
1,1,↓c1,0,↓
θ19 –
0.125iX4X5X6X7−0.125iX4X5Y6Y7
+0.125iX4Y5X6Y7+0.125iX4Y5Y6X7
+0.125iY4X5X6Y7+0.125iY4X5Y6X7
−0.125iY4Y5X6X7+0.125iY4Y5Y6Y7
–
14
TABLE VII: Cluster operators for the Hydrogen chain STO-3G, L = 3 case in
momentum space.
Amplitudes Excitations Parameters Exponents
Re t
0,1
0,0
c
†
0,1,↑c0,0,↑
+c
†
0,1,↓c0,0,↓
θ0
−0.5iX0Z1Y2+0.5iY0Z1X2
−0.5iX1Z2Y3+0.5iY1Z2X3
Im t
0,1
0,0
ic
†
0,1,↑c0,0,↑
+ic
†
0,1,↓c0,0,↓
θ1
0.5iX0Z1X2+0.5iY0Z1Y2
+0.5iX1Z2X3+0.5iY1Z2Y3
Re t
1,1
1,0
c
†
1,1,↑c1,0,↑
+c
†
1,1,↓c1,0,↓
θ2
−0.5iX4Z5Y6+0.5iY4Z5X6
−0.5iX5Z6Y7+0.5iY5Z6X7
Im t
1,1
1,0
ic
†
1,1,↑c1,0,↑
+ic
†
1,1,↓c1,0,↓
θ3
0.5iX4Z5X6+0.5iY4Z5Y6
+0.5iX5Z6X7+0.5iY5Z6Y7
Re t
−1,1
−1,0
c
†
−1,1,↑c−1,0,↑
+c
†
−1,1,↓c−1,0,↓
θ4
−0.5iX8Z9Y10+0.5iY8Z9X10
−0.5iX9Z10Y11+0.5iY9Z10X11
Im t
−1,1
−1,0
ic
†
−1,1,↑c−1,0,↑
+ic
†
−1,1,↓c−1,0,↓
θ5
0.5iX8Z9X10+0.5iY8Z9Y10
+0.5iX9Z10X11+0.5iY9Z10Y11
Re t
0,1,0,1
0,0,0,0
0.5c
†
0,1,↑c0,0,↑c
†
0,1,↑c0,0,↑
+0.5c
†
0,1,↑c0,0,↑c
†
0,1,↓c0,0,↓
+0.5c
†
0,1,↓c0,0,↓c
†
0,1,↑c0,0,↑
+0.5c
†
0,1,↓c0,0,↓c
†
0,1,↓c0,0,↓
θ6
−0.125iX0X1X2Y3−0.125iX0X1Y2X3
+0.125iX0Y1X2X3−0.125iX0Y1Y2Y3
+0.125iY0X1X2X3−0.125iY0X1Y2Y3
+0.125iY0Y1X2Y3+0.125iY0Y1Y2X3
Im t
0,1,0,1
0,0,0,0
0.5ic
†
0,1,↑c0,0,↑c
†
0,1,↑c0,0,↑
+0.5ic
†
0,1,↑c0,0,↑c
†
0,1,↓c0,0,↓
+0.5ic
†
0,1,↓c0,0,↓c
†
0,1,↑c0,0,↑
+0.5ic
†
0,1,↓c0,0,↓c
†
0,1,↓c0,0,↓
θ7
0.125iX0X1X2X3−0.125iX0X1Y2Y3
+0.125iX0Y1X2Y3+0.125iX0Y1Y2X3
+0.125iY0X1X2Y3+0.125iY0X1Y2X3
−0.125iY0Y1X2X3+0.125iY0Y1Y2Y3
Re t
1,1,−1,1
0,0,0,0
0.5c
†
1,1,↑c0,0,↑c
†
−1,1,↑c0,0,↑
+0.5c
†
1,1,↑c0,0,↑c
†
−1,1,↓c0,0,↓
+0.5c
†
1,1,↓c0,0,↓c
†
−1,1,↑c0,0,↑
+0.5c
†
1,1,↓c0,0,↓c
†
−1,1,↓c0,0,↓
θ8
−0.0625iX0X1X6Z7Z8Z9Z10Y11−0.0625iX0X1Y6Z7Z8Z9Z10X11
+0.0625iX0X1X7Z8Z9Y10+0.0625iX0X1Y7Z8Z9X10
+0.0625iX0Y1X6Z7Z8Z9Z10X11−0.0625iX0Y1Y6Z7Z8Z9Z10Y11
−0.0625iX0Y1X7Z8Z9X10+0.0625iX0Y1Y7Z8Z9Y10
+0.0625iY0X1X6Z7Z8Z9Z10X11−0.0625iY0X1Y6Z7Z8Z9Z10Y11
−0.0625iY0X1X7Z8Z9X10+0.0625iY0X1Y7Z8Z9Y10
+0.0625iY0Y1X6Z7Z8Z9Z10Y11+0.0625iY0Y1Y6Z7Z8Z9Z10X11
−0.0625iY0Y1X7Z8Z9Y10−0.0625iY0Y1Y7Z8Z9X10
Im t
1,1,−1,1
0,0,0,0
0.5ic
†
1,1,↑c0,0,↑c
†
−1,1,↑c0,0,↑
+0.5ic
†
1,1,↑c0,0,↑c
†
−1,1,↓c0,0,↓
+0.5ic
†
1,1,↓c0,0,↓c
†
−1,1,↑c0,0,↑
+0.5ic
†
1,1,↓c0,0,↓c
†
−1,1,↓c0,0,↓
θ9
0.0625iX0X1X6Z7Z8Z9Z10X11−0.0625iX0X1Y6Z7Z8Z9Z10Y11
−0.0625iX0X1X7Z8Z9X10+0.0625iX0X1Y7Z8Z9Y10
+0.0625iX0Y1X6Z7Z8Z9Z10Y11+0.0625iX0Y1Y6Z7Z8Z9Z10X11
−0.0625iX0Y1X7Z8Z9Y10−0.0625iX0Y1Y7Z8Z9X10
+0.0625iY0X1X6Z7Z8Z9Z10Y11+0.0625iY0X1Y6Z7Z8Z9Z10X11
−0.0625iY0X1X7Z8Z9Y10−0.0625iY0X1Y7Z8Z9X10
−0.0625iY0Y1X6Z7Z8Z9Z10X11+0.0625iY0Y1Y6Z7Z8Z9Z10Y11
+0.0625iY0Y1X7Z8Z9X10−0.0625iY0Y1Y7Z8Z9Y10
Re t
−1,1,1,1
0,0,0,0
0.5c
†
−1,1,↑c0,0,↑c
†
1,1,↑c0,0,↑
+0.5c
†
−1,1,↑c0,0,↑c
†
1,1,↓c0,0,↓
+0.5c
†
−1,1,↓c0,0,↓c
†
1,1,↑c0,0,↑
+0.5c
†
−1,1,↓c0,0,↓c
†
1,1,↓c0,0,↓
θ10
−0.0625iX0X1X6Z7Z8Z9Z10Y11−0.0625iX0X1Y6Z7Z8Z9Z10X11
+0.0625iX0X1X7Z8Z9Y10+0.0625iX0X1Y7Z8Z9X10
+0.0625iX0Y1X6Z7Z8Z9Z10X11−0.0625iX0Y1Y6Z7Z8Z9Z10Y11
−0.0625iX0Y1X7Z8Z9X10+0.0625iX0Y1Y7Z8Z9Y10
+0.0625iY0X1X6Z7Z8Z9Z10X11−0.0625iY0X1Y6Z7Z8Z9Z10Y11
−0.0625iY0X1X7Z8Z9X10+0.0625iY0X1Y7Z8Z9Y10
+0.0625iY0Y1X6Z7Z8Z9Z10Y11+0.0625iY0Y1Y6Z7Z8Z9Z10X11
−0.0625iY0Y1X7Z8Z9Y10−0.0625iY0Y1Y7Z8Z9X10
Im t
−1,1,1,1
0,0,0,0
0.5ic
†
−1,1,↑c0,0,↑c
†
1,1,↑c0,0,↑
+0.5ic
†
−1,1,↑c0,0,↑c
†
1,1,↓c0,0,↓
+0.5ic
†
−1,1,↓c0,0,↓c
†
1,1,↑c0,0,↑
+0.5ic
†
−1,1,↓c0,0,↓c
†
1,1,↓c0,0,↓
θ11
0.0625iX0X1X6Z7Z8Z9Z10X11−0.0625iX0X1Y6Z7Z8Z9Z10Y11
−0.0625iX0X1X7Z8Z9X10+0.0625iX0X1Y7Z8Z9Y10
+0.0625iX0Y1X6Z7Z8Z9Z10Y11+0.0625iX0Y1Y6Z7Z8Z9Z10X11
−0.0625iX0Y1X7Z8Z9Y10−0.0625iX0Y1Y7Z8Z9X10
+0.0625iY0X1X6Z7Z8Z9Z10Y11+0.0625iY0X1Y6Z7Z8Z9Z10X11
−0.0625iY0X1X7Z8Z9Y10−0.0625iY0X1Y7Z8Z9X10
−0.0625iY0Y1X6Z7Z8Z9Z10X11+0.0625iY0Y1Y6Z7Z8Z9Z10Y11
+0.0625iY0Y1X7Z8Z9X10−0.0625iY0Y1Y7Z8Z9Y10
Re t
0,1,1,1
0,0,1,0
0.5c
†
0,1,↑c0,0,↑c
†
1,1,↑c1,0,↑
+0.5c
†
0,1,↑c0,0,↑c
†
1,1,↓c1,0,↓
+0.5c
†
0,1,↓c0,0,↓c
†
1,1,↑c1,0,↑
+0.5c
†
0,1,↓c0,0,↓c
†
1,1,↓c1,0,↓
θ12
−0.0625iX0Z1X2X4Z5Y6+0.0625iX0Z1X2Y4Z5X6
−0.0625iX0Z1X2X5Z6Y7+0.0625iX0Z1X2Y5Z6X7
−0.0625iX0Z1Y2X4Z5X6−0.0625iX0Z1Y2Y4Z5Y6
−0.0625iX0Z1Y2X5Z6X7−0.0625iX0Z1Y2Y5Z6Y7
+0.0625iY0Z1X2X4Z5X6+0.0625iY0Z1X2Y4Z5Y6
+0.0625iY0Z1X2X5Z6X7+0.0625iY0Z1X2Y5Z6Y7
−0.0625iY0Z1Y2X4Z5Y6+0.0625iY0Z1Y2Y4Z5X6
−0.0625iY0Z1Y2X5Z6Y7+0.0625iY0Z1Y2Y5Z6X7
−0.0625iX1Z2X3X4Z5Y6+0.0625iX1Z2X3Y4Z5X6
−0.0625iX1Z2X3X5Z6Y7+0.0625iX1Z2X3Y5Z6X7
−0.0625iX1Z2Y3X4Z5X6−0.0625iX1Z2Y3Y4Z5Y6
−0.0625iX1Z2Y3X5Z6X7−0.0625iX1Z2Y3Y5Z6Y7
+0.0625iY1Z2X3X4Z5X6+0.0625iY1Z2X3Y4Z5Y6
+0.0625iY1Z2X3X5Z6X7+0.0625iY1Z2X3Y5Z6Y7
−0.0625iY1Z2Y3X4Z5Y6+0.0625iY1Z2Y3Y4Z5X6
−0.0625iY1Z2Y3X5Z6Y7+0.0625iY1Z2Y3Y5Z6X7
Im t
0,1,1,1
0,0,1,0
0.5ic
†
0,1,↑c0,0,↑c
†
1,1,↑c1,0,↑
+0.5ic
†
0,1,↑c0,0,↑c
†
1,1,↓c1,0,↓
+0.5ic
†
0,1,↓c0,0,↓c
†
1,1,↑c1,0,↑
+0.5ic
†
0,1,↓c0,0,↓c
†
1,1,↓c1,0,↓
θ13
0.0625iX0Z1X2X4Z5X6+0.0625iX0Z1X2Y4Z5Y6
+0.0625iX0Z1X2X5Z6X7+0.0625iX0Z1X2Y5Z6Y7
−0.0625iX0Z1Y2X4Z5Y6+0.0625iX0Z1Y2Y4Z5X6
−0.0625iX0Z1Y2X5Z6Y7+0.0625iX0Z1Y2Y5Z6X7
+0.0625iY0Z1X2X4Z5Y6−0.0625iY0Z1X2Y4Z5X6
+0.0625iY0Z1X2X5Z6Y7−0.0625iY0Z1X2Y5Z6X7
+0.0625iY0Z1Y2X4Z5X6+0.0625iY0Z1Y2Y4Z5Y6
+0.0625iY0Z1Y2X5Z6X7+0.0625iY0Z1Y2Y5Z6Y7
+0.0625iX1Z2X3X4Z5X6+0.0625iX1Z2X3Y4Z5Y6
+0.0625iX1Z2X3X5Z6X7+0.0625iX1Z2X3Y5Z6Y7
−0.0625iX1Z2Y3X4Z5Y6+0.0625iX1Z2Y3Y4Z5X6
−0.0625iX1Z2Y3X5Z6Y7+0.0625iX1Z2Y3Y5Z6X7
+0.0625iY1Z2X3X4Z5Y6−0.0625iY1Z2X3Y4Z5X6
+0.0625iY1Z2X3X5Z6Y7−0.0625iY1Z2X3Y5Z6X7
+0.0625iY1Z2Y3X4Z5X6+0.0625iY1Z2Y3Y4Z5Y6
+0.0625iY1Z2Y3X5Z6X7+0.0625iY1Z2Y3Y5Z6Y7
15
Re t
1,1,0,1
0,0,1,0
0.5c
†
1,1,↑c0,0,↑c
†
0,1,↑c1,0,↑
+0.5c
†
1,1,↑c0,0,↑c
†
0,1,↓c1,0,↓
+0.5c
†
1,1,↓c0,0,↓c
†
0,1,↑c1,0,↑
+0.5c
†
1,1,↓c0,0,↓c
†
0,1,↓c1,0,↓
θ14
0.0625iX0Z1X2X4Z5Y6−0.0625iX0Z1X2Y4Z5X6
+0.0625iX0Z1Y2X4Z5X6+0.0625iX0Z1Y2Y4Z5Y6
+0.0625iX0Z1Z2X3X5Y6−0.0625iX0Z1Z2X3Y5X6
+0.0625iX0Z1Z2Y3X5X6+0.0625iX0Z1Z2Y3Y5Y6
−0.0625iY0Z1X2X4Z5X6−0.0625iY0Z1X2Y4Z5Y6
+0.0625iY0Z1Y2X4Z5Y6−0.0625iY0Z1Y2Y4Z5X6
−0.0625iY0Z1Z2X3X5X6−0.0625iY0Z1Z2X3Y5Y6
+0.0625iY0Z1Z2Y3X5Y6−0.0625iY0Z1Z2Y3Y5X6
+0.0625iX1X2X4Z5Z6Y7−0.0625iX1X2Y4Z5Z6X7
+0.0625iX1Y2X4Z5Z6X7+0.0625iX1Y2Y4Z5Z6Y7
+0.0625iX1Z2X3X5Z6Y7−0.0625iX1Z2X3Y5Z6X7
+0.0625iX1Z2Y3X5Z6X7+0.0625iX1Z2Y3Y5Z6Y7
−0.0625iY1X2X4Z5Z6X7−0.0625iY1X2Y4Z5Z6Y7
+0.0625iY1Y2X4Z5Z6Y7−0.0625iY1Y2Y4Z5Z6X7
−0.0625iY1Z2X3X5Z6X7−0.0625iY1Z2X3Y5Z6Y7
+0.0625iY1Z2Y3X5Z6Y7−0.0625iY1Z2Y3Y5Z6X7
Im t
1,1,0,1
0,0,1,0
0.5ic
†
1,1,↑c0,0,↑c
†
0,1,↑c1,0,↑
+0.5ic
†
1,1,↑c0,0,↑c
†
0,1,↓c1,0,↓
+0.5ic
†
1,1,↓c0,0,↓c
†
0,1,↑c1,0,↑
+0.5ic
†
1,1,↓c0,0,↓c
†
0,1,↓c1,0,↓
θ15
−0.0625iX0Z1X2X4Z5X6−0.0625iX0Z1X2Y4Z5Y6
+0.0625iX0Z1Y2X4Z5Y6−0.0625iX0Z1Y2Y4Z5X6
−0.0625iX0Z1Z2X3X5X6−0.0625iX0Z1Z2X3Y5Y6
+0.0625iX0Z1Z2Y3X5Y6−0.0625iX0Z1Z2Y3Y5X6
−0.0625iY0Z1X2X4Z5Y6+0.0625iY0Z1X2Y4Z5X6
−0.0625iY0Z1Y2X4Z5X6−0.0625iY0Z1Y2Y4Z5Y6
−0.0625iY0Z1Z2X3X5Y6+0.0625iY0Z1Z2X3Y5X6
−0.0625iY0Z1Z2Y3X5X6−0.0625iY0Z1Z2Y3Y5Y6
−0.0625iX1X2X4Z5Z6X7−0.0625iX1X2Y4Z5Z6Y7
+0.0625iX1Y2X4Z5Z6Y7−0.0625iX1Y2Y4Z5Z6X7
−0.0625iX1Z2X3X5Z6X7−0.0625iX1Z2X3Y5Z6Y7
+0.0625iX1Z2Y3X5Z6Y7−0.0625iX1Z2Y3Y5Z6X7
−0.0625iY1X2X4Z5Z6Y7+0.0625iY1X2Y4Z5Z6X7
−0.0625iY1Y2X4Z5Z6X7−0.0625iY1Y2Y4Z5Z6Y7
−0.0625iY1Z2X3X5Z6Y7+0.0625iY1Z2X3Y5Z6X7
−0.0625iY1Z2Y3X5Z6X7−0.0625iY1Z2Y3Y5Z6Y7
Re t
−1,1,−1,1
0,0,1,0
0.5c
†
−1,1,↑c0,0,↑c
†
−1,1,↑c1,0,↑
+0.5c
†
−1,1,↑c0,0,↑c
†
−1,1,↓c1,0,↓
+0.5c
†
−1,1,↓c0,0,↓c
†
−1,1,↑c1,0,↑
+0.5c
†
−1,1,↓c0,0,↓c
†
−1,1,↓c1,0,↓
θ16
−0.0625iX0Z1Z2Z3Z4X5X10Y11−0.0625iX0Z1Z2Z3Z4X5Y10X11
+0.0625iX0Z1Z2Z3Z4Y5X10X11−0.0625iX0Z1Z2Z3Z4Y5Y10Y11
+0.0625iY0Z1Z2Z3Z4X5X10X11−0.0625iY0Z1Z2Z3Z4X5Y10Y11
+0.0625iY0Z1Z2Z3Z4Y5X10Y11+0.0625iY0Z1Z2Z3Z4Y5Y10X11
+0.0625iX1Z2Z3X4X10Y11+0.0625iX1Z2Z3X4Y10X11
−0.0625iX1Z2Z3Y4X10X11+0.0625iX1Z2Z3Y4Y10Y11
−0.0625iY1Z2Z3X4X10X11+0.0625iY1Z2Z3X4Y10Y11
−0.0625iY1Z2Z3Y4X10Y11−0.0625iY1Z2Z3Y4Y10X11
Im t
−1,1,−1,1
0,0,1,0
0.5ic
†
−1,1,↑c0,0,↑c
†
−1,1,↑c1,0,↑
+0.5ic
†
−1,1,↑c0,0,↑c
†
−1,1,↓c1,0,↓
+0.5ic
†
−1,1,↓c0,0,↓c
†
−1,1,↑c1,0,↑
+0.5ic
†
−1,1,↓c0,0,↓c
†
−1,1,↓c1,0,↓
θ17
0.0625iX0Z1Z2Z3Z4X5X10X11−0.0625iX0Z1Z2Z3Z4X5Y10Y11
+0.0625iX0Z1Z2Z3Z4Y5X10Y11+0.0625iX0Z1Z2Z3Z4Y5Y10X11
+0.0625iY0Z1Z2Z3Z4X5X10Y11+0.0625iY0Z1Z2Z3Z4X5Y10X11
−0.0625iY0Z1Z2Z3Z4Y5X10X11+0.0625iY0Z1Z2Z3Z4Y5Y10Y11
−0.0625iX1Z2Z3X4X10X11+0.0625iX1Z2Z3X4Y10Y11
−0.0625iX1Z2Z3Y4X10Y11−0.0625iX1Z2Z3Y4Y10X11
−0.0625iY1Z2Z3X4X10Y11−0.0625iY1Z2Z3X4Y10X11
+0.0625iY1Z2Z3Y4X10X11−0.0625iY1Z2Z3Y4Y10Y11
Re t
0,1,−1,1
0,0,−1,0
0.5c
†
0,1,↑c0,0,↑c
†
−1,1,↑c−1,0,↑
+0.5c
†
0,1,↑c0,0,↑c
†
−1,1,↓c−1,0,↓
+0.5c
†
0,1,↓c0,0,↓c
†
−1,1,↑c−1,0,↑
+0.5c
†
0,1,↓c0,0,↓c
†
−1,1,↓c−1,0,↓
θ18
−0.0625iX0Z1X2X8Z9Y10+0.0625iX0Z1X2Y8Z9X10
−0.0625iX0Z1X2X9Z10Y11+0.0625iX0Z1X2Y9Z10X11
−0.0625iX0Z1Y2X8Z9X10−0.0625iX0Z1Y2Y8Z9Y10
−0.0625iX0Z1Y2X9Z10X11−0.0625iX0Z1Y2Y9Z10Y11
+0.0625iY0Z1X2X8Z9X10+0.0625iY0Z1X2Y8Z9Y10
+0.0625iY0Z1X2X9Z10X11+0.0625iY0Z1X2Y9Z10Y11
−0.0625iY0Z1Y2X8Z9Y10+0.0625iY0Z1Y2Y8Z9X10
−0.0625iY0Z1Y2X9Z10Y11+0.0625iY0Z1Y2Y9Z10X11
−0.0625iX1Z2X3X8Z9Y10+0.0625iX1Z2X3Y8Z9X10
−0.0625iX1Z2X3X9Z10Y11+0.0625iX1Z2X3Y9Z10X11
−0.0625iX1Z2Y3X8Z9X10−0.0625iX1Z2Y3Y8Z9Y10
−0.0625iX1Z2Y3X9Z10X11−0.0625iX1Z2Y3Y9Z10Y11
+0.0625iY1Z2X3X8Z9X10+0.0625iY1Z2X3Y8Z9Y10
+0.0625iY1Z2X3X9Z10X11+0.0625iY1Z2X3Y9Z10Y11
−0.0625iY1Z2Y3X8Z9Y10+0.0625iY1Z2Y3Y8Z9X10
−0.0625iY1Z2Y3X9Z10Y11+0.0625iY1Z2Y3Y9Z10X11
Im t
0,1,−1,1
0,0,−1,0
0.5ic
†
0,1,↑c0,0,↑c
†
−1,1,↑c−1,0,↑
+0.5ic
†
0,1,↑c0,0,↑c
†
−1,1,↓c−1,0,↓
+0.5ic
†
0,1,↓c0,0,↓c
†
−1,1,↑c−1,0,↑
+0.5ic
†
0,1,↓c0,0,↓c
†
−1,1,↓c−1,0,↓
θ19
0.0625iX0Z1X2X8Z9X10+0.0625iX0Z1X2Y8Z9Y10
+0.0625iX0Z1X2X9Z10X11+0.0625iX0Z1X2Y9Z10Y11
−0.0625iX0Z1Y2X8Z9Y10+0.0625iX0Z1Y2Y8Z9X10
−0.0625iX0Z1Y2X9Z10Y11+0.0625iX0Z1Y2Y9Z10X11
+0.0625iY0Z1X2X8Z9Y10−0.0625iY0Z1X2Y8Z9X10
+0.0625iY0Z1X2X9Z10Y11−0.0625iY0Z1X2Y9Z10X11
+0.0625iY0Z1Y2X8Z9X10+0.0625iY0Z1Y2Y8Z9Y10
+0.0625iY0Z1Y2X9Z10X11+0.0625iY0Z1Y2Y9Z10Y11
+0.0625iX1Z2X3X8Z9X10+0.0625iX1Z2X3Y8Z9Y10
+0.0625iX1Z2X3X9Z10X11+0.0625iX1Z2X3Y9Z10Y11
−0.0625iX1Z2Y3X8Z9Y10+0.0625iX1Z2Y3Y8Z9X10
−0.0625iX1Z2Y3X9Z10Y11+0.0625iX1Z2Y3Y9Z10X11
+0.0625iY1Z2X3X8Z9Y10−0.0625iY1Z2X3Y8Z9X10
+0.0625iY1Z2X3X9Z10Y11−0.0625iY1Z2X3Y9Z10X11
+0.0625iY1Z2Y3X8Z9X10+0.0625iY1Z2Y3Y8Z9Y10
+0.0625iY1Z2Y3X9Z10X11+0.0625iY1Z2Y3Y9Z10Y11
Re t
1,1,1,1
0,0,−1,0
0.5c
†
1,1,↑c0,0,↑c
†
1,1,↑c−1,0,↑
+0.5c
†
1,1,↑c0,0,↑c
†
1,1,↓c−1,0,↓
+0.5c
†
1,1,↓c0,0,↓c
†
1,1,↑c−1,0,↑
+0.5c
†
1,1,↓c0,0,↓c
†
1,1,↓c−1,0,↓
θ20
0.0625iX0Z1Z2Z3Z4Z5X6X7Z8Y9−0.0625iX0Z1Z2Z3Z4Z5X6Y7Z8X9
−0.0625iX0Z1Z2Z3Z4Z5Y6X7Z8X9−0.0625iX0Z1Z2Z3Z4Z5Y6Y7Z8Y9
+0.0625iY0Z1Z2Z3Z4Z5X6X7Z8X9+0.0625iY0Z1Z2Z3Z4Z5X6Y7Z8Y9
+0.0625iY0Z1Z2Z3Z4Z5Y6X7Z8Y9−0.0625iY0Z1Z2Z3Z4Z5Y6Y7Z8X9
−0.0625iX1Z2Z3Z4Z5X6X7Y8+0.0625iX1Z2Z3Z4Z5X6Y7X8
+0.0625iX1Z2Z3Z4Z5Y6X7X8+0.0625iX1Z2Z3Z4Z5Y6Y7Y8
−0.0625iY1Z2Z3Z4Z5X6X7X8−0.0625iY1Z2Z3Z4Z5X6Y7Y8
−0.0625iY1Z2Z3Z4Z5Y6X7Y8+0.0625iY1Z2Z3Z4Z5Y6Y7X8
Im t
1,1,1,1
0,0,−1,0
0.5ic
†
1,1,↑c0,0,↑c
†
1,1,↑c−1,0,↑
+0.5ic
†
1,1,↑c0,0,↑c
†
1,1,↓c−1,0,↓
+0.5ic
†
1,1,↓c0,0,↓c
†
1,1,↑c−1,0,↑
+0.5ic
†
1,1,↓c0,0,↓c
†
1,1,↓c−1,0,↓
θ21
0.0625iX0Z1Z2Z3Z4Z5X6X7Z8X9+0.0625iX0Z1Z2Z3Z4Z5X6Y7Z8Y9
+0.0625iX0Z1Z2Z3Z4Z5Y6X7Z8Y9−0.0625iX0Z1Z2Z3Z4Z5Y6Y7Z8X9
−0.0625iY0Z1Z2Z3Z4Z5X6X7Z8Y9+0.0625iY0Z1Z2Z3Z4Z5X6Y7Z8X9
+0.0625iY0Z1Z2Z3Z4Z5Y6X7Z8X9+0.0625iY0Z1Z2Z3Z4Z5Y6Y7Z8Y9
−0.0625iX1Z2Z3Z4Z5X6X7X8−0.0625iX1Z2Z3Z4Z5X6Y7Y8
−0.0625iX1Z2Z3Z4Z5Y6X7Y8+0.0625iX1Z2Z3Z4Z5Y6Y7X8
+0.0625iY1Z2Z3Z4Z5X6X7Y8−0.0625iY1Z2Z3Z4Z5X6Y7X8
−0.0625iY1Z2Z3Z4Z5Y6X7X8−0.0625iY1Z2Z3Z4Z5Y6Y7Y8
16
Re t
−1,1,0,1
0,0,−1,0
0.5c
†
−1,1,↑c0,0,↑c
†
0,1,↑c−1,0,↑
+0.5c
†
−1,1,↑c0,0,↑c
†
0,1,↓c−1,0,↓
+0.5c
†
−1,1,↓c0,0,↓c
†
0,1,↑c−1,0,↑
+0.5c
†
−1,1,↓c0,0,↓c
†
0,1,↓c−1,0,↓
θ22
0.0625iX0Z1X2X8Z9Y10−0.0625iX0Z1X2Y8Z9X10
+0.0625iX0Z1Y2X8Z9X10+0.0625iX0Z1Y2Y8Z9Y10
+0.0625iX0Z1Z2X3X9Y10−0.0625iX0Z1Z2X3Y9X10
+0.0625iX0Z1Z2Y3X9X10+0.0625iX0Z1Z2Y3Y9Y10
−0.0625iY0Z1X2X8Z9X10−0.0625iY0Z1X2Y8Z9Y10
+0.0625iY0Z1Y2X8Z9Y10−0.0625iY0Z1Y2Y8Z9X10
−0.0625iY0Z1Z2X3X9X10−0.0625iY0Z1Z2X3Y9Y10
+0.0625iY0Z1Z2Y3X9Y10−0.0625iY0Z1Z2Y3Y9X10
+0.0625iX1X2X8Z9Z10Y11−0.0625iX1X2Y8Z9Z10X11
+0.0625iX1Y2X8Z9Z10X11+0.0625iX1Y2Y8Z9Z10Y11
+0.0625iX1Z2X3X9Z10Y11−0.0625iX1Z2X3Y9Z10X11
+0.0625iX1Z2Y3X9Z10X11+0.0625iX1Z2Y3Y9Z10Y11
−0.0625iY1X2X8Z9Z10X11−0.0625iY1X2Y8Z9Z10Y11
+0.0625iY1Y2X8Z9Z10Y11−0.0625iY1Y2Y8Z9Z10X11
−0.0625iY1Z2X3X9Z10X11−0.0625iY1Z2X3Y9Z10Y11
+0.0625iY1Z2Y3X9Z10Y11−0.0625iY1Z2Y3Y9Z10X11
Im t
−1,1,0,1
0,0,−1,0
0.5ic
†
−1,1,↑c0,0,↑c
†
0,1,↑c−1,0,↑
+0.5ic
†
−1,1,↑c0,0,↑c
†
0,1,↓c−1,0,↓
+0.5ic
†
−1,1,↓c0,0,↓c
†
0,1,↑c−1,0,↑
+0.5ic
†
−1,1,↓c0,0,↓c
†
0,1,↓c−1,0,↓
θ23
−0.0625iX0Z1X2X8Z9X10−0.0625iX0Z1X2Y8Z9Y10
+0.0625iX0Z1Y2X8Z9Y10−0.0625iX0Z1Y2Y8Z9X10
−0.0625iX0Z1Z2X3X9X10−0.0625iX0Z1Z2X3Y9Y10
+0.0625iX0Z1Z2Y3X9Y10−0.0625iX0Z1Z2Y3Y9X10
−0.0625iY0Z1X2X8Z9Y10+0.0625iY0Z1X2Y8Z9X10
−0.0625iY0Z1Y2X8Z9X10−0.0625iY0Z1Y2Y8Z9Y10
−0.0625iY0Z1Z2X3X9Y10+0.0625iY0Z1Z2X3Y9X10
−0.0625iY0Z1Z2Y3X9X10−0.0625iY0Z1Z2Y3Y9Y10
−0.0625iX1X2X8Z9Z10X11−0.0625iX1X2Y8Z9Z10Y11
+0.0625iX1Y2X8Z9Z10Y11−0.0625iX1Y2Y8Z9Z10X11
−0.0625iX1Z2X3X9Z10X11−0.0625iX1Z2X3Y9Z10Y11
+0.0625iX1Z2Y3X9Z10Y11−0.0625iX1Z2Y3Y9Z10X11
−0.0625iY1X2X8Z9Z10Y11+0.0625iY1X2Y8Z9Z10X11
−0.0625iY1Y2X8Z9Z10X11−0.0625iY1Y2Y8Z9Z10Y11
−0.0625iY1Z2X3X9Z10Y11+0.0625iY1Z2X3Y9Z10X11
−0.0625iY1Z2Y3X9Z10X11−0.0625iY1Z2Y3Y9Z10Y11
Re t
0,1,1,1
1,0,0,0
0.5c
†
0,1,↑c1,0,↑c
†
1,1,↑c0,0,↑
+0.5c
†
0,1,↑c1,0,↑c
†
1,1,↓c0,0,↓
+0.5c
†
0,1,↓c1,0,↓c
†
1,1,↑c0,0,↑
+0.5c
†
0,1,↓c1,0,↓c
†
1,1,↓c0,0,↓
θ24
0.0625iX0Z1X2X4Z5Y6−0.0625iX0Z1X2Y4Z5X6
+0.0625iX0Z1Y2X4Z5X6+0.0625iX0Z1Y2Y4Z5Y6
+0.0625iX0Z1Z2X3X5Y6−0.0625iX0Z1Z2X3Y5X6
+0.0625iX0Z1Z2Y3X5X6+0.0625iX0Z1Z2Y3Y5Y6
−0.0625iY0Z1X2X4Z5X6−0.0625iY0Z1X2Y4Z5Y6
+0.0625iY0Z1Y2X4Z5Y6−0.0625iY0Z1Y2Y4Z5X6
−0.0625iY0Z1Z2X3X5X6−0.0625iY0Z1Z2X3Y5Y6
+0.0625iY0Z1Z2Y3X5Y6−0.0625iY0Z1Z2Y3Y5X6
+0.0625iX1X2X4Z5Z6Y7−0.0625iX1X2Y4Z5Z6X7
+0.0625iX1Y2X4Z5Z6X7+0.0625iX1Y2Y4Z5Z6Y7
+0.0625iX1Z2X3X5Z6Y7−0.0625iX1Z2X3Y5Z6X7
+0.0625iX1Z2Y3X5Z6X7+0.0625iX1Z2Y3Y5Z6Y7
−0.0625iY1X2X4Z5Z6X7−0.0625iY1X2Y4Z5Z6Y7
+0.0625iY1Y2X4Z5Z6Y7−0.0625iY1Y2Y4Z5Z6X7
−0.0625iY1Z2X3X5Z6X7−0.0625iY1Z2X3Y5Z6Y7
+0.0625iY1Z2Y3X5Z6Y7−0.0625iY1Z2Y3Y5Z6X7
Im t
0,1,1,1
1,0,0,0
0.5ic
†
0,1,↑c1,0,↑c
†
1,1,↑c0,0,↑
+0.5ic
†
0,1,↑c1,0,↑c
†
1,1,↓c0,0,↓
+0.5ic
†
0,1,↓c1,0,↓c
†
1,1,↑c0,0,↑
+0.5ic
†
0,1,↓c1,0,↓c
†
1,1,↓c0,0,↓
θ25
−0.0625iX0Z1X2X4Z5X6−0.0625iX0Z1X2Y4Z5Y6
+0.0625iX0Z1Y2X4Z5Y6−0.0625iX0Z1Y2Y4Z5X6
−0.0625iX0Z1Z2X3X5X6−0.0625iX0Z1Z2X3Y5Y6
+0.0625iX0Z1Z2Y3X5Y6−0.0625iX0Z1Z2Y3Y5X6
−0.0625iY0Z1X2X4Z5Y6+0.0625iY0Z1X2Y4Z5X6
−0.0625iY0Z1Y2X4Z5X6−0.0625iY0Z1Y2Y4Z5Y6
−0.0625iY0Z1Z2X3X5Y6+0.0625iY0Z1Z2X3Y5X6
−0.0625iY0Z1Z2Y3X5X6−0.0625iY0Z1Z2Y3Y5Y6
−0.0625iX1X2X4Z5Z6X7−0.0625iX1X2Y4Z5Z6Y7
+0.0625iX1Y2X4Z5Z6Y7−0.0625iX1Y2Y4Z5Z6X7
−0.0625iX1Z2X3X5Z6X7−0.0625iX1Z2X3Y5Z6Y7
+0.0625iX1Z2Y3X5Z6Y7−0.0625iX1Z2Y3Y5Z6X7
−0.0625iY1X2X4Z5Z6Y7+0.0625iY1X2Y4Z5Z6X7
−0.0625iY1Y2X4Z5Z6X7−0.0625iY1Y2Y4Z5Z6Y7
−0.0625iY1Z2X3X5Z6Y7+0.0625iY1Z2X3Y5Z6X7
−0.0625iY1Z2Y3X5Z6X7−0.0625iY1Z2Y3Y5Z6Y7
Re t
1,1,0,1
1,0,0,0
0.5c
†
1,1,↑c1,0,↑c
†
0,1,↑c0,0,↑
+0.5c
†
1,1,↑c1,0,↑c
†
0,1,↓c0,0,↓
+0.5c
†
1,1,↓c1,0,↓c
†
0,1,↑c0,0,↑
+0.5c
†
1,1,↓c1,0,↓c
†
0,1,↓c0,0,↓
θ26
−0.0625iX0Z1X2X4Z5Y6+0.0625iX0Z1X2Y4Z5X6
−0.0625iX0Z1X2X5Z6Y7+0.0625iX0Z1X2Y5Z6X7
−0.0625iX0Z1Y2X4Z5X6−0.0625iX0Z1Y2Y4Z5Y6
−0.0625iX0Z1Y2X5Z6X7−0.0625iX0Z1Y2Y5Z6Y7
+0.0625iY0Z1X2X4Z5X6+0.0625iY0Z1X2Y4Z5Y6
+0.0625iY0Z1X2X5Z6X7+0.0625iY0Z1X2Y5Z6Y7
−0.0625iY0Z1Y2X4Z5Y6+0.0625iY0Z1Y2Y4Z5X6
−0.0625iY0Z1Y2X5Z6Y7+0.0625iY0Z1Y2Y5Z6X7
−0.0625iX1Z2X3X4Z5Y6+0.0625iX1Z2X3Y4Z5X6
−0.0625iX1Z2X3X5Z6Y7+0.0625iX1Z2X3Y5Z6X7
−0.0625iX1Z2Y3X4Z5X6−0.0625iX1Z2Y3Y4Z5Y6
−0.0625iX1Z2Y3X5Z6X7−0.0625iX1Z2Y3Y5Z6Y7
+0.0625iY1Z2X3X4Z5X6+0.0625iY1Z2X3Y4Z5Y6
+0.0625iY1Z2X3X5Z6X7+0.0625iY1Z2X3Y5Z6Y7
−0.0625iY1Z2Y3X4Z5Y6+0.0625iY1Z2Y3Y4Z5X6
−0.0625iY1Z2Y3X5Z6Y7+0.0625iY1Z2Y3Y5Z6X7
Im t
1,1,0,1
1,0,0,0
0.5ic
†
1,1,↑c1,0,↑c
†
0,1,↑c0,0,↑
+0.5ic
†
1,1,↑c1,0,↑c
†
0,1,↓c0,0,↓
+0.5ic
†
1,1,↓c1,0,↓c
†
0,1,↑c0,0,↑
+0.5ic
†
1,1,↓c1,0,↓c
†
0,1,↓c0,0,↓
θ27
0.0625iX0Z1X2X4Z5X6+0.0625iX0Z1X2Y4Z5Y6
+0.0625iX0Z1X2X5Z6X7+0.0625iX0Z1X2Y5Z6Y7
−0.0625iX0Z1Y2X4Z5Y6+0.0625iX0Z1Y2Y4Z5X6
−0.0625iX0Z1Y2X5Z6Y7+0.0625iX0Z1Y2Y5Z6X7
+0.0625iY0Z1X2X4Z5Y6−0.0625iY0Z1X2Y4Z5X6
+0.0625iY0Z1X2X5Z6Y7−0.0625iY0Z1X2Y5Z6X7
+0.0625iY0Z1Y2X4Z5X6+0.0625iY0Z1Y2Y4Z5Y6
+0.0625iY0Z1Y2X5Z6X7+0.0625iY0Z1Y2Y5Z6Y7
+0.0625iX1Z2X3X4Z5X6+0.0625iX1Z2X3Y4Z5Y6
+0.0625iX1Z2X3X5Z6X7+0.0625iX1Z2X3Y5Z6Y7
−0.0625iX1Z2Y3X4Z5Y6+0.0625iX1Z2Y3Y4Z5X6
−0.0625iX1Z2Y3X5Z6Y7+0.0625iX1Z2Y3Y5Z6X7
+0.0625iY1Z2X3X4Z5Y6−0.0625iY1Z2X3Y4Z5X6
+0.0625iY1Z2X3X5Z6Y7−0.0625iY1Z2X3Y5Z6X7
+0.0625iY1Z2Y3X4Z5X6+0.0625iY1Z2Y3Y4Z5Y6
+0.0625iY1Z2Y3X5Z6X7+0.0625iY1Z2Y3Y5Z6Y7
Re t
−1,1,−1,1
1,0,0,0
0.5c
†
−1,1,↑c1,0,↑c
†
−1,1,↑c0,0,↑
+0.5c
†
−1,1,↑c1,0,↑c
†
−1,1,↓c0,0,↓
+0.5c
†
−1,1,↓c1,0,↓c
†
−1,1,↑c0,0,↑
+0.5c
†
−1,1,↓c1,0,↓c
†
−1,1,↓c0,0,↓
θ28
−0.0625iX0Z1Z2Z3Z4X5X10Y11−0.0625iX0Z1Z2Z3Z4X5Y10X11
+0.0625iX0Z1Z2Z3Z4Y5X10X11−0.0625iX0Z1Z2Z3Z4Y5Y10Y11
+0.0625iY0Z1Z2Z3Z4X5X10X11−0.0625iY0Z1Z2Z3Z4X5Y10Y11
+0.0625iY0Z1Z2Z3Z4Y5X10Y11+0.0625iY0Z1Z2Z3Z4Y5Y10X11
+0.0625iX1Z2Z3X4X10Y11+0.0625iX1Z2Z3X4Y10X11
−0.0625iX1Z2Z3Y4X10X11+0.0625iX1Z2Z3Y4Y10Y11
−0.0625iY1Z2Z3X4X10X11+0.0625iY1Z2Z3X4Y10Y11
−0.0625iY1Z2Z3Y4X10Y11−0.0625iY1Z2Z3Y4Y10X11
17
Im t
−1,1,−1,1
1,0,0,0
0.5ic
†
−1,1,↑c1,0,↑c
†
−1,1,↑c0,0,↑
+0.5ic
†
−1,1,↑c1,0,↑c
†
−1,1,↓c0,0,↓
+0.5ic
†
−1,1,↓c1,0,↓c
†
−1,1,↑c0,0,↑
+0.5ic
†
−1,1,↓c1,0,↓c
†
−1,1,↓c0,0,↓
θ29
0.0625iX0Z1Z2Z3Z4X5X10X11−0.0625iX0Z1Z2Z3Z4X5Y10Y11
+0.0625iX0Z1Z2Z3Z4Y5X10Y11+0.0625iX0Z1Z2Z3Z4Y5Y10X11
+0.0625iY0Z1Z2Z3Z4X5X10Y11+0.0625iY0Z1Z2Z3Z4X5Y10X11
−0.0625iY0Z1Z2Z3Z4Y5X10X11+0.0625iY0Z1Z2Z3Z4Y5Y10Y11
−0.0625iX1Z2Z3X4X10X11+0.0625iX1Z2Z3X4Y10Y11
−0.0625iX1Z2Z3Y4X10Y11−0.0625iX1Z2Z3Y4Y10X11
−0.0625iY1Z2Z3X4X10Y11−0.0625iY1Z2Z3X4Y10X11
+0.0625iY1Z2Z3Y4X10X11−0.0625iY1Z2Z3Y4Y10Y11
Re t
0,1,−1,1
1,0,1,0
0.5c
†
0,1,↑c1,0,↑c
†
−1,1,↑c1,0,↑
+0.5c
†
0,1,↑c1,0,↑c
†
−1,1,↓c1,0,↓
+0.5c
†
0,1,↓c1,0,↓c
†
−1,1,↑c1,0,↑
+0.5c
†
0,1,↓c1,0,↓c
†
−1,1,↓c1,0,↓
θ30
−0.0625iX2Z3X4X5Z6Z7Z8Z9Z10Y11+0.0625iX2Z3X4Y5Z6Z7Z8Z9Z10X11
+0.0625iX2Z3Y4X5Z6Z7Z8Z9Z10X11+0.0625iX2Z3Y4Y5Z6Z7Z8Z9Z10Y11
−0.0625iY2Z3X4X5Z6Z7Z8Z9Z10X11−0.0625iY2Z3X4Y5Z6Z7Z8Z9Z10Y11
−0.0625iY2Z3Y4X5Z6Z7Z8Z9Z10Y11+0.0625iY2Z3Y4Y5Z6Z7Z8Z9Z10X11
+0.0625iX3X4X5Z6Z7Z8Z9Y10−0.0625iX3X4Y5Z6Z7Z8Z9X10
−0.0625iX3Y4X5Z6Z7Z8Z9X10−0.0625iX3Y4Y5Z6Z7Z8Z9Y10
+0.0625iY3X4X5Z6Z7Z8Z9X10+0.0625iY3X4Y5Z6Z7Z8Z9Y10
+0.0625iY3Y4X5Z6Z7Z8Z9Y10−0.0625iY3Y4Y5Z6Z7Z8Z9X10
Im t
0,1,−1,1
1,0,1,0
0.5ic
†
0,1,↑c1,0,↑c
†
−1,1,↑c1,0,↑
+0.5ic
†
0,1,↑c1,0,↑c
†
−1,1,↓c1,0,↓
+0.5ic
†
0,1,↓c1,0,↓c
†
−1,1,↑c1,0,↑
+0.5ic
†
0,1,↓c1,0,↓c
†
−1,1,↓c1,0,↓
θ31
0.0625iX2Z3X4X5Z6Z7Z8Z9Z10X11+0.0625iX2Z3X4Y5Z6Z7Z8Z9Z10Y11
+0.0625iX2Z3Y4X5Z6Z7Z8Z9Z10Y11−0.0625iX2Z3Y4Y5Z6Z7Z8Z9Z10X11
−0.0625iY2Z3X4X5Z6Z7Z8Z9Z10Y11+0.0625iY2Z3X4Y5Z6Z7Z8Z9Z10X11
+0.0625iY2Z3Y4X5Z6Z7Z8Z9Z10X11+0.0625iY2Z3Y4Y5Z6Z7Z8Z9Z10Y11
−0.0625iX3X4X5Z6Z7Z8Z9X10−0.0625iX3X4Y5Z6Z7Z8Z9Y10
−0.0625iX3Y4X5Z6Z7Z8Z9Y10+0.0625iX3Y4Y5Z6Z7Z8Z9X10
+0.0625iY3X4X5Z6Z7Z8Z9Y10−0.0625iY3X4Y5Z6Z7Z8Z9X10
−0.0625iY3Y4X5Z6Z7Z8Z9X10−0.0625iY3Y4Y5Z6Z7Z8Z9Y10
Re t
1,1,1,1
1,0,1,0
0.5c
†
1,1,↑c1,0,↑c
†
1,1,↑c1,0,↑
+0.5c
†
1,1,↑c1,0,↑c
†
1,1,↓c1,0,↓
+0.5c
†
1,1,↓c1,0,↓c
†
1,1,↑c1,0,↑
+0.5c
†
1,1,↓c1,0,↓c
†
1,1,↓c1,0,↓
θ32
−0.125iX4X5X6Y7−0.125iX4X5Y6X7
+0.125iX4Y5X6X7−0.125iX4Y5Y6Y7
+0.125iY4X5X6X7−0.125iY4X5Y6Y7
+0.125iY4Y5X6Y7+0.125iY4Y5Y6X7
Im t
1,1,1,1
1,0,1,0
0.5ic
†
1,1,↑c1,0,↑c
†
1,1,↑c1,0,↑
+0.5ic
†
1,1,↑c1,0,↑c
†
1,1,↓c1,0,↓
+0.5ic
†
1,1,↓c1,0,↓c
†
1,1,↑c1,0,↑
+0.5ic
†
1,1,↓c1,0,↓c
†
1,1,↓c1,0,↓
θ33
0.125iX4X5X6X7−0.125iX4X5Y6Y7
+0.125iX4Y5X6Y7+0.125iX4Y5Y6X7
+0.125iY4X5X6Y7+0.125iY4X5Y6X7
−0.125iY4Y5X6X7+0.125iY4Y5Y6Y7
Re t
−1,1,0,1
1,0,1,0
0.5c
†
−1,1,↑c1,0,↑c
†
0,1,↑c1,0,↑
+0.5c
†
−1,1,↑c1,0,↑c
†
0,1,↓c1,0,↓
+0.5c
†
−1,1,↓c1,0,↓c
†
0,1,↑c1,0,↑
+0.5c
†
−1,1,↓c1,0,↓c
†
0,1,↓c1,0,↓
θ34
−0.0625iX2Z3X4X5Z6Z7Z8Z9Z10Y11+0.0625iX2Z3X4Y5Z6Z7Z8Z9Z10X11
+0.0625iX2Z3Y4X5Z6Z7Z8Z9Z10X11+0.0625iX2Z3Y4Y5Z6Z7Z8Z9Z10Y11
−0.0625iY2Z3X4X5Z6Z7Z8Z9Z10X11−0.0625iY2Z3X4Y5Z6Z7Z8Z9Z10Y11
−0.0625iY2Z3Y4X5Z6Z7Z8Z9Z10Y11+0.0625iY2Z3Y4Y5Z6Z7Z8Z9Z10X11
+0.0625iX3X4X5Z6Z7Z8Z9Y10−0.0625iX3X4Y5Z6Z7Z8Z9X10
−0.0625iX3Y4X5Z6Z7Z8Z9X10−0.0625iX3Y4Y5Z6Z7Z8Z9Y10
+0.0625iY3X4X5Z6Z7Z8Z9X10+0.0625iY3X4Y5Z6Z7Z8Z9Y10
+0.0625iY3Y4X5Z6Z7Z8Z9Y10−0.0625iY3Y4Y5Z6Z7Z8Z9X10
Im t
−1,1,0,1
1,0,1,0
0.5ic
†
−1,1,↑c1,0,↑c
†
0,1,↑c1,0,↑
+0.5ic
†
−1,1,↑c1,0,↑c
†
0,1,↓c1,0,↓
+0.5ic
†
−1,1,↓c1,0,↓c
†
0,1,↑c1,0,↑
+0.5ic
†
−1,1,↓c1,0,↓c
†
0,1,↓c1,0,↓
θ35
0.0625iX2Z3X4X5Z6Z7Z8Z9Z10X11+0.0625iX2Z3X4Y5Z6Z7Z8Z9Z10Y11
+0.0625iX2Z3Y4X5Z6Z7Z8Z9Z10Y11−0.0625iX2Z3Y4Y5Z6Z7Z8Z9Z10X11
−0.0625iY2Z3X4X5Z6Z7Z8Z9Z10Y11+0.0625iY2Z3X4Y5Z6Z7Z8Z9Z10X11
+0.0625iY2Z3Y4X5Z6Z7Z8Z9Z10X11+0.0625iY2Z3Y4Y5Z6Z7Z8Z9Z10Y11
−0.0625iX3X4X5Z6Z7Z8Z9X10−0.0625iX3X4Y5Z6Z7Z8Z9Y10
−0.0625iX3Y4X5Z6Z7Z8Z9Y10+0.0625iX3Y4Y5Z6Z7Z8Z9X10
+0.0625iY3X4X5Z6Z7Z8Z9Y10−0.0625iY3X4Y5Z6Z7Z8Z9X10
−0.0625iY3Y4X5Z6Z7Z8Z9X10−0.0625iY3Y4Y5Z6Z7Z8Z9Y10
Re t
0,1,0,1
1,0,−1,0
0.5c
†
0,1,↑c1,0,↑c
†
0,1,↑c−1,0,↑
+0.5c
†
0,1,↑c1,0,↑c
†
0,1,↓c−1,0,↓
+0.5c
†
0,1,↓c1,0,↓c
†
0,1,↑c−1,0,↑
+0.5c
†
0,1,↓c1,0,↓c
†
0,1,↓c−1,0,↓
θ36
0.0625iX2X3X4Z5Z6Z7Z8Y9+0.0625iX2X3Y4Z5Z6Z7Z8X9
−0.0625iX2X3X5Z6Z7Y8−0.0625iX2X3Y5Z6Z7X8
−0.0625iX2Y3X4Z5Z6Z7Z8X9+0.0625iX2Y3Y4Z5Z6Z7Z8Y9
+0.0625iX2Y3X5Z6Z7X8−0.0625iX2Y3Y5Z6Z7Y8
−0.0625iY2X3X4Z5Z6Z7Z8X9+0.0625iY2X3Y4Z5Z6Z7Z8Y9
+0.0625iY2X3X5Z6Z7X8−0.0625iY2X3Y5Z6Z7Y8
−0.0625iY2Y3X4Z5Z6Z7Z8Y9−0.0625iY2Y3Y4Z5Z6Z7Z8X9
+0.0625iY2Y3X5Z6Z7Y8+0.0625iY2Y3Y5Z6Z7X8
Im t
0,1,0,1
1,0,−1,0
0.5ic
†
0,1,↑c1,0,↑c
†
0,1,↑c−1,0,↑
+0.5ic
†
0,1,↑c1,0,↑c
†
0,1,↓c−1,0,↓
+0.5ic
†
0,1,↓c1,0,↓c
†
0,1,↑c−1,0,↑
+0.5ic
†
0,1,↓c1,0,↓c
†
0,1,↓c−1,0,↓
θ37
0.0625iX2X3X4Z5Z6Z7Z8X9−0.0625iX2X3Y4Z5Z6Z7Z8Y9
−0.0625iX2X3X5Z6Z7X8+0.0625iX2X3Y5Z6Z7Y8
+0.0625iX2Y3X4Z5Z6Z7Z8Y9+0.0625iX2Y3Y4Z5Z6Z7Z8X9
−0.0625iX2Y3X5Z6Z7Y8−0.0625iX2Y3Y5Z6Z7X8
+0.0625iY2X3X4Z5Z6Z7Z8Y9+0.0625iY2X3Y4Z5Z6Z7Z8X9
−0.0625iY2X3X5Z6Z7Y8−0.0625iY2X3Y5Z6Z7X8
−0.0625iY2Y3X4Z5Z6Z7Z8X9+0.0625iY2Y3Y4Z5Z6Z7Z8Y9
+0.0625iY2Y3X5Z6Z7X8−0.0625iY2Y3Y5Z6Z7Y8
Re t
1,1,−1,1
1,0,−1,0
0.5c
†
1,1,↑c1,0,↑c
†
−1,1,↑c−1,0,↑
+0.5c
†
1,1,↑c1,0,↑c
†
−1,1,↓c−1,0,↓
+0.5c
†
1,1,↓c1,0,↓c
†
−1,1,↑c−1,0,↑
+0.5c
†
1,1,↓c1,0,↓c
†
−1,1,↓c−1,0,↓
θ38
−0.0625iX4Z5X6X8Z9Y10+0.0625iX4Z5X6Y8Z9X10
−0.0625iX4Z5X6X9Z10Y11+0.0625iX4Z5X6Y9Z10X11
−0.0625iX4Z5Y6X8Z9X10−0.0625iX4Z5Y6Y8Z9Y10
−0.0625iX4Z5Y6X9Z10X11−0.0625iX4Z5Y6Y9Z10Y11
+0.0625iY4Z5X6X8Z9X10+0.0625iY4Z5X6Y8Z9Y10
+0.0625iY4Z5X6X9Z10X11+0.0625iY4Z5X6Y9Z10Y11
−0.0625iY4Z5Y6X8Z9Y10+0.0625iY4Z5Y6Y8Z9X10
−0.0625iY4Z5Y6X9Z10Y11+0.0625iY4Z5Y6Y9Z10X11
−0.0625iX5Z6X7X8Z9Y10+0.0625iX5Z6X7Y8Z9X10
−0.0625iX5Z6X7X9Z10Y11+0.0625iX5Z6X7Y9Z10X11
−0.0625iX5Z6Y7X8Z9X10−0.0625iX5Z6Y7Y8Z9Y10
−0.0625iX5Z6Y7X9Z10X11−0.0625iX5Z6Y7Y9Z10Y11
+0.0625iY5Z6X7X8Z9X10+0.0625iY5Z6X7Y8Z9Y10
+0.0625iY5Z6X7X9Z10X11+0.0625iY5Z6X7Y9Z10Y11
−0.0625iY5Z6Y7X8Z9Y10+0.0625iY5Z6Y7Y8Z9X10
−0.0625iY5Z6Y7X9Z10Y11+0.0625iY5Z6Y7Y9Z10X11
Im t
1,1,−1,1
1,0,−1,0
0.5ic
†
1,1,↑c1,0,↑c
†
−1,1,↑c−1,0,↑
+0.5ic
†
1,1,↑c1,0,↑c
†
−1,1,↓c−1,0,↓
+0.5ic
†
1,1,↓c1,0,↓c
†
−1,1,↑c−1,0,↑
+0.5ic
†
1,1,↓c1,0,↓c
†
−1,1,↓c−1,0,↓
θ39
0.0625iX4Z5X6X8Z9X10+0.0625iX4Z5X6Y8Z9Y10
+0.0625iX4Z5X6X9Z10X11+0.0625iX4Z5X6Y9Z10Y11
−0.0625iX4Z5Y6X8Z9Y10+0.0625iX4Z5Y6Y8Z9X10
−0.0625iX4Z5Y6X9Z10Y11+0.0625iX4Z5Y6Y9Z10X11
+0.0625iY4Z5X6X8Z9Y10−0.0625iY4Z5X6Y8Z9X10
+0.0625iY4Z5X6X9Z10Y11−0.0625iY4Z5X6Y9Z10X11
+0.0625iY4Z5Y6X8Z9X10+0.0625iY4Z5Y6Y8Z9Y10
+0.0625iY4Z5Y6X9Z10X11+0.0625iY4Z5Y6Y9Z10Y11
+0.0625iX5Z6X7X8Z9X10+0.0625iX5Z6X7Y8Z9Y10
+0.0625iX5Z6X7X9Z10X11+0.0625iX5Z6X7Y9Z10Y11
−0.0625iX5Z6Y7X8Z9Y10+0.0625iX5Z6Y7Y8Z9X10
−0.0625iX5Z6Y7X9Z10Y11+0.0625iX5Z6Y7Y9Z10X11
+0.0625iY5Z6X7X8Z9Y10−0.0625iY5Z6X7Y8Z9X10
+0.0625iY5Z6X7X9Z10Y11−0.0625iY5Z6X7Y9Z10X11
+0.0625iY5Z6Y7X8Z9X10+0.0625iY5Z6Y7Y8Z9Y10
+0.0625iY5Z6Y7X9Z10X11+0.0625iY5Z6Y7Y9Z10Y11
18
Re t
−1,1,1,1
1,0,−1,0
0.5c
†
−1,1,↑c1,0,↑c
†
1,1,↑c−1,0,↑
+0.5c
†
−1,1,↑c1,0,↑c
†
1,1,↓c−1,0,↓
+0.5c
†
−1,1,↓c1,0,↓c
†
1,1,↑c−1,0,↑
+0.5c
†
−1,1,↓c1,0,↓c
†
1,1,↓c−1,0,↓
θ40
0.0625iX4Z5X6X8Z9Y10−0.0625iX4Z5X6Y8Z9X10
+0.0625iX4Z5Y6X8Z9X10+0.0625iX4Z5Y6Y8Z9Y10
+0.0625iX4Z5Z6X7X9Y10−0.0625iX4Z5Z6X7Y9X10
+0.0625iX4Z5Z6Y7X9X10+0.0625iX4Z5Z6Y7Y9Y10
−0.0625iY4Z5X6X8Z9X10−0.0625iY4Z5X6Y8Z9Y10
+0.0625iY4Z5Y6X8Z9Y10−0.0625iY4Z5Y6Y8Z9X10
−0.0625iY4Z5Z6X7X9X10−0.0625iY4Z5Z6X7Y9Y10
+0.0625iY4Z5Z6Y7X9Y10−0.0625iY4Z5Z6Y7Y9X10
+0.0625iX5X6X8Z9Z10Y11−0.0625iX5X6Y8Z9Z10X11
+0.0625iX5Y6X8Z9Z10X11+0.0625iX5Y6Y8Z9Z10Y11
+0.0625iX5Z6X7X9Z10Y11−0.0625iX5Z6X7Y9Z10X11
+0.0625iX5Z6Y7X9Z10X11+0.0625iX5Z6Y7Y9Z10Y11
−0.0625iY5X6X8Z9Z10X11−0.0625iY5X6Y8Z9Z10Y11
+0.0625iY5Y6X8Z9Z10Y11−0.0625iY5Y6Y8Z9Z10X11
−0.0625iY5Z6X7X9Z10X11−0.0625iY5Z6X7Y9Z10Y11
+0.0625iY5Z6Y7X9Z10Y11−0.0625iY5Z6Y7Y9Z10X11
Im t
−1,1,1,1
1,0,−1,0
0.5ic
†
−1,1,↑c1,0,↑c
†
1,1,↑c−1,0,↑
+0.5ic
†
−1,1,↑c1,0,↑c
†
1,1,↓c−1,0,↓
+0.5ic
†
−1,1,↓c1,0,↓c
†
1,1,↑c−1,0,↑
+0.5ic
†
−1,1,↓c1,0,↓c
†
1,1,↓c−1,0,↓
θ41
−0.0625iX4Z5X6X8Z9X10−0.0625iX4Z5X6Y8Z9Y10
+0.0625iX4Z5Y6X8Z9Y10−0.0625iX4Z5Y6Y8Z9X10
−0.0625iX4Z5Z6X7X9X10−0.0625iX4Z5Z6X7Y9Y10
+0.0625iX4Z5Z6Y7X9Y10−0.0625iX4Z5Z6Y7Y9X10
−0.0625iY4Z5X6X8Z9Y10+0.0625iY4Z5X6Y8Z9X10
−0.0625iY4Z5Y6X8Z9X10−0.0625iY4Z5Y6Y8Z9Y10
−0.0625iY4Z5Z6X7X9Y10+0.0625iY4Z5Z6X7Y9X10
−0.0625iY4Z5Z6Y7X9X10−0.0625iY4Z5Z6Y7Y9Y10
−0.0625iX5X6X8Z9Z10X11−0.0625iX5X6Y8Z9Z10Y11
+0.0625iX5Y6X8Z9Z10Y11−0.0625iX5Y6Y8Z9Z10X11
−0.0625iX5Z6X7X9Z10X11−0.0625iX5Z6X7Y9Z10Y11
+0.0625iX5Z6Y7X9Z10Y11−0.0625iX5Z6Y7Y9Z10X11
−0.0625iY5X6X8Z9Z10Y11+0.0625iY5X6Y8Z9Z10X11
−0.0625iY5Y6X8Z9Z10X11−0.0625iY5Y6Y8Z9Z10Y11
−0.0625iY5Z6X7X9Z10Y11+0.0625iY5Z6X7Y9Z10X11
−0.0625iY5Z6Y7X9Z10X11−0.0625iY5Z6Y7Y9Z10Y11
Re t
0,1,−1,1
−1,0,0,0
0.5c
†
0,1,↑c−1,0,↑c
†
−1,1,↑c0,0,↑
+0.5c
†
0,1,↑c−1,0,↑c
†
−1,1,↓c0,0,↓
+0.5c
†
0,1,↓c−1,0,↓c
†
−1,1,↑c0,0,↑
+0.5c
†
0,1,↓c−1,0,↓c
†
−1,1,↓c0,0,↓
θ42
0.0625iX0Z1X2X8Z9Y10−0.0625iX0Z1X2Y8Z9X10
+0.0625iX0Z1Y2X8Z9X10+0.0625iX0Z1Y2Y8Z9Y10
+0.0625iX0Z1Z2X3X9Y10−0.0625iX0Z1Z2X3Y9X10
+0.0625iX0Z1Z2Y3X9X10+0.0625iX0Z1Z2Y3Y9Y10
−0.0625iY0Z1X2X8Z9X10−0.0625iY0Z1X2Y8Z9Y10
+0.0625iY0Z1Y2X8Z9Y10−0.0625iY0Z1Y2Y8Z9X10
−0.0625iY0Z1Z2X3X9X10−0.0625iY0Z1Z2X3Y9Y10
+0.0625iY0Z1Z2Y3X9Y10−0.0625iY0Z1Z2Y3Y9X10
+0.0625iX1X2X8Z9Z10Y11−0.0625iX1X2Y8Z9Z10X11
+0.0625iX1Y2X8Z9Z10X11+0.0625iX1Y2Y8Z9Z10Y11
+0.0625iX1Z2X3X9Z10Y11−0.0625iX1Z2X3Y9Z10X11
+0.0625iX1Z2Y3X9Z10X11+0.0625iX1Z2Y3Y9Z10Y11
−0.0625iY1X2X8Z9Z10X11−0.0625iY1X2Y8Z9Z10Y11
+0.0625iY1Y2X8Z9Z10Y11−0.0625iY1Y2Y8Z9Z10X11
−0.0625iY1Z2X3X9Z10X11−0.0625iY1Z2X3Y9Z10Y11
+0.0625iY1Z2Y3X9Z10Y11−0.0625iY1Z2Y3Y9Z10X11
Im t
0,1,−1,1
−1,0,0,0
0.5ic
†
0,1,↑c−1,0,↑c
†
−1,1,↑c0,0,↑
+0.5ic
†
0,1,↑c−1,0,↑c
†
−1,1,↓c0,0,↓
+0.5ic
†
0,1,↓c−1,0,↓c
†
−1,1,↑c0,0,↑
+0.5ic
†
0,1,↓c−1,0,↓c
†
−1,1,↓c0,0,↓
θ43
−0.0625iX0Z1X2X8Z9X10−0.0625iX0Z1X2Y8Z9Y10
+0.0625iX0Z1Y2X8Z9Y10−0.0625iX0Z1Y2Y8Z9X10
−0.0625iX0Z1Z2X3X9X10−0.0625iX0Z1Z2X3Y9Y10
+0.0625iX0Z1Z2Y3X9Y10−0.0625iX0Z1Z2Y3Y9X10
−0.0625iY0Z1X2X8Z9Y10+0.0625iY0Z1X2Y8Z9X10
−0.0625iY0Z1Y2X8Z9X10−0.0625iY0Z1Y2Y8Z9Y10
−0.0625iY0Z1Z2X3X9Y10+0.0625iY0Z1Z2X3Y9X10
−0.0625iY0Z1Z2Y3X9X10−0.0625iY0Z1Z2Y3Y9Y10
−0.0625iX1X2X8Z9Z10X11−0.0625iX1X2Y8Z9Z10Y11
+0.0625iX1Y2X8Z9Z10Y11−0.0625iX1Y2Y8Z9Z10X11
−0.0625iX1Z2X3X9Z10X11−0.0625iX1Z2X3Y9Z10Y11
+0.0625iX1Z2Y3X9Z10Y11−0.0625iX1Z2Y3Y9Z10X11
−0.0625iY1X2X8Z9Z10Y11+0.0625iY1X2Y8Z9Z10X11
−0.0625iY1Y2X8Z9Z10X11−0.0625iY1Y2Y8Z9Z10Y11
−0.0625iY1Z2X3X9Z10Y11+0.0625iY1Z2X3Y9Z10X11
−0.0625iY1Z2Y3X9Z10X11−0.0625iY1Z2Y3Y9Z10Y11
Re t
1,1,1,1
−1,0,0,0
0.5c
†
1,1,↑c−1,0,↑c
†
1,1,↑c0,0,↑
+0.5c
†
1,1,↑c−1,0,↑c
†
1,1,↓c0,0,↓
+0.5c
†
1,1,↓c−1,0,↓c
†
1,1,↑c0,0,↑
+0.5c
†
1,1,↓c−1,0,↓c
†
1,1,↓c0,0,↓
θ44
0.0625iX0Z1Z2Z3Z4Z5X6X7Z8Y9−0.0625iX0Z1Z2Z3Z4Z5X6Y7Z8X9
−0.0625iX0Z1Z2Z3Z4Z5Y6X7Z8X9−0.0625iX0Z1Z2Z3Z4Z5Y6Y7Z8Y9
+0.0625iY0Z1Z2Z3Z4Z5X6X7Z8X9+0.0625iY0Z1Z2Z3Z4Z5X6Y7Z8Y9
+0.0625iY0Z1Z2Z3Z4Z5Y6X7Z8Y9−0.0625iY0Z1Z2Z3Z4Z5Y6Y7Z8X9
−0.0625iX1Z2Z3Z4Z5X6X7Y8+0.0625iX1Z2Z3Z4Z5X6Y7X8
+0.0625iX1Z2Z3Z4Z5Y6X7X8+0.0625iX1Z2Z3Z4Z5Y6Y7Y8
−0.0625iY1Z2Z3Z4Z5X6X7X8−0.0625iY1Z2Z3Z4Z5X6Y7Y8
−0.0625iY1Z2Z3Z4Z5Y6X7Y8+0.0625iY1Z2Z3Z4Z5Y6Y7X8
Im t
1,1,1,1
−1,0,0,0
0.5ic
†
1,1,↑c−1,0,↑c
†
1,1,↑c0,0,↑
+0.5ic
†
1,1,↑c−1,0,↑c
†
1,1,↓c0,0,↓
+0.5ic
†
1,1,↓c−1,0,↓c
†
1,1,↑c0,0,↑
+0.5ic
†
1,1,↓c−1,0,↓c
†
1,1,↓c0,0,↓
θ45
0.0625iX0Z1Z2Z3Z4Z5X6X7Z8X9+0.0625iX0Z1Z2Z3Z4Z5X6Y7Z8Y9
+0.0625iX0Z1Z2Z3Z4Z5Y6X7Z8Y9−0.0625iX0Z1Z2Z3Z4Z5Y6Y7Z8X9
−0.0625iY0Z1Z2Z3Z4Z5X6X7Z8Y9+0.0625iY0Z1Z2Z3Z4Z5X6Y7Z8X9
+0.0625iY0Z1Z2Z3Z4Z5Y6X7Z8X9+0.0625iY0Z1Z2Z3Z4Z5Y6Y7Z8Y9
−0.0625iX1Z2Z3Z4Z5X6X7X8−0.0625iX1Z2Z3Z4Z5X6Y7Y8
−0.0625iX1Z2Z3Z4Z5Y6X7Y8+0.0625iX1Z2Z3Z4Z5Y6Y7X8
+0.0625iY1Z2Z3Z4Z5X6X7Y8−0.0625iY1Z2Z3Z4Z5X6Y7X8
−0.0625iY1Z2Z3Z4Z5Y6X7X8−0.0625iY1Z2Z3Z4Z5Y6Y7Y8
Re t
−1,1,0,1
−1,0,0,0
0.5c
†
−1,1,↑c−1,0,↑c
†
0,1,↑c0,0,↑
+0.5c
†
−1,1,↑c−1,0,↑c
†
0,1,↓c0,0,↓
+0.5c
†
−1,1,↓c−1,0,↓c
†
0,1,↑c0,0,↑
+0.5c
†
−1,1,↓c−1,0,↓c
†
0,1,↓c0,0,↓
θ46
−0.0625iX0Z1X2X8Z9Y10+0.0625iX0Z1X2Y8Z9X10
−0.0625iX0Z1X2X9Z10Y11+0.0625iX0Z1X2Y9Z10X11
−0.0625iX0Z1Y2X8Z9X10−0.0625iX0Z1Y2Y8Z9Y10
−0.0625iX0Z1Y2X9Z10X11−0.0625iX0Z1Y2Y9Z10Y11
+0.0625iY0Z1X2X8Z9X10+0.0625iY0Z1X2Y8Z9Y10
+0.0625iY0Z1X2X9Z10X11+0.0625iY0Z1X2Y9Z10Y11
−0.0625iY0Z1Y2X8Z9Y10+0.0625iY0Z1Y2Y8Z9X10
−0.0625iY0Z1Y2X9Z10Y11+0.0625iY0Z1Y2Y9Z10X11
−0.0625iX1Z2X3X8Z9Y10+0.0625iX1Z2X3Y8Z9X10
−0.0625iX1Z2X3X9Z10Y11+0.0625iX1Z2X3Y9Z10X11
−0.0625iX1Z2Y3X8Z9X10−0.0625iX1Z2Y3Y8Z9Y10
−0.0625iX1Z2Y3X9Z10X11−0.0625iX1Z2Y3Y9Z10Y11
+0.0625iY1Z2X3X8Z9X10+0.0625iY1Z2X3Y8Z9Y10
+0.0625iY1Z2X3X9Z10X11+0.0625iY1Z2X3Y9Z10Y11
−0.0625iY1Z2Y3X8Z9Y10+0.0625iY1Z2Y3Y8Z9X10
−0.0625iY1Z2Y3X9Z10Y11+0.0625iY1Z2Y3Y9Z10X11
19
Im t
−1,1,0,1
−1,0,0,0
0.5ic
†
−1,1,↑c−1,0,↑c
†
0,1,↑c0,0,↑
+0.5ic
†
−1,1,↑c−1,0,↑c
†
0,1,↓c0,0,↓
+0.5ic
†
−1,1,↓c−1,0,↓c
†
0,1,↑c0,0,↑
+0.5ic
†
−1,1,↓c−1,0,↓c
†
0,1,↓c0,0,↓
θ47
0.0625iX0Z1X2X8Z9X10+0.0625iX0Z1X2Y8Z9Y10
+0.0625iX0Z1X2X9Z10X11+0.0625iX0Z1X2Y9Z10Y11
−0.0625iX0Z1Y2X8Z9Y10+0.0625iX0Z1Y2Y8Z9X10
−0.0625iX0Z1Y2X9Z10Y11+0.0625iX0Z1Y2Y9Z10X11
+0.0625iY0Z1X2X8Z9Y10−0.0625iY0Z1X2Y8Z9X10
+0.0625iY0Z1X2X9Z10Y11−0.0625iY0Z1X2Y9Z10X11
+0.0625iY0Z1Y2X8Z9X10+0.0625iY0Z1Y2Y8Z9Y10
+0.0625iY0Z1Y2X9Z10X11+0.0625iY0Z1Y2Y9Z10Y11
+0.0625iX1Z2X3X8Z9X10+0.0625iX1Z2X3Y8Z9Y10
+0.0625iX1Z2X3X9Z10X11+0.0625iX1Z2X3Y9Z10Y11
−0.0625iX1Z2Y3X8Z9Y10+0.0625iX1Z2Y3Y8Z9X10
−0.0625iX1Z2Y3X9Z10Y11+0.0625iX1Z2Y3Y9Z10X11
+0.0625iY1Z2X3X8Z9Y10−0.0625iY1Z2X3Y8Z9X10
+0.0625iY1Z2X3X9Z10Y11−0.0625iY1Z2X3Y9Z10X11
+0.0625iY1Z2Y3X8Z9X10+0.0625iY1Z2Y3Y8Z9Y10
+0.0625iY1Z2Y3X9Z10X11+0.0625iY1Z2Y3Y9Z10Y11
Re t
0,1,0,1
−1,0,1,0
0.5c
†
0,1,↑c−1,0,↑c
†
0,1,↑c1,0,↑
+0.5c
†
0,1,↑c−1,0,↑c
†
0,1,↓c1,0,↓
+0.5c
†
0,1,↓c−1,0,↓c
†
0,1,↑c1,0,↑
+0.5c
†
0,1,↓c−1,0,↓c
†
0,1,↓c1,0,↓
θ48
0.0625iX2X3X4Z5Z6Z7Z8Y9+0.0625iX2X3Y4Z5Z6Z7Z8X9
−0.0625iX2X3X5Z6Z7Y8−0.0625iX2X3Y5Z6Z7X8
−0.0625iX2Y3X4Z5Z6Z7Z8X9+0.0625iX2Y3Y4Z5Z6Z7Z8Y9
+0.0625iX2Y3X5Z6Z7X8−0.0625iX2Y3Y5Z6Z7Y8
−0.0625iY2X3X4Z5Z6Z7Z8X9+0.0625iY2X3Y4Z5Z6Z7Z8Y9
+0.0625iY2X3X5Z6Z7X8−0.0625iY2X3Y5Z6Z7Y8
−0.0625iY2Y3X4Z5Z6Z7Z8Y9−0.0625iY2Y3Y4Z5Z6Z7Z8X9
+0.0625iY2Y3X5Z6Z7Y8+0.0625iY2Y3Y5Z6Z7X8
Im t
0,1,0,1
−1,0,1,0
0.5ic
†
0,1,↑c−1,0,↑c
†
0,1,↑c1,0,↑
+0.5ic
†
0,1,↑c−1,0,↑c
†
0,1,↓c1,0,↓
+0.5ic
†
0,1,↓c−1,0,↓c
†
0,1,↑c1,0,↑
+0.5ic
†
0,1,↓c−1,0,↓c
†
0,1,↓c1,0,↓
θ49
0.0625iX2X3X4Z5Z6Z7Z8X9−0.0625iX2X3Y4Z5Z6Z7Z8Y9
−0.0625iX2X3X5Z6Z7X8+0.0625iX2X3Y5Z6Z7Y8
+0.0625iX2Y3X4Z5Z6Z7Z8Y9+0.0625iX2Y3Y4Z5Z6Z7Z8X9
−0.0625iX2Y3X5Z6Z7Y8−0.0625iX2Y3Y5Z6Z7X8
+0.0625iY2X3X4Z5Z6Z7Z8Y9+0.0625iY2X3Y4Z5Z6Z7Z8X9
−0.0625iY2X3X5Z6Z7Y8−0.0625iY2X3Y5Z6Z7X8
−0.0625iY2Y3X4Z5Z6Z7Z8X9+0.0625iY2Y3Y4Z5Z6Z7Z8Y9
+0.0625iY2Y3X5Z6Z7X8−0.0625iY2Y3Y5Z6Z7Y8
Re t
1,1,−1,1
−1,0,1,0
0.5c
†
1,1,↑c−1,0,↑c
†
−1,1,↑c1,0,↑
+0.5c
†
1,1,↑c−1,0,↑c
†
−1,1,↓c1,0,↓
+0.5c
†
1,1,↓c−1,0,↓c
†
−1,1,↑c1,0,↑
+0.5c
†
1,1,↓c−1,0,↓c
†
−1,1,↓c1,0,↓
θ50
0.0625iX4Z5X6X8Z9Y10−0.0625iX4Z5X6Y8Z9X10
+0.0625iX4Z5Y6X8Z9X10+0.0625iX4Z5Y6Y8Z9Y10
+0.0625iX4Z5Z6X7X9Y10−0.0625iX4Z5Z6X7Y9X10
+0.0625iX4Z5Z6Y7X9X10+0.0625iX4Z5Z6Y7Y9Y10
−0.0625iY4Z5X6X8Z9X10−0.0625iY4Z5X6Y8Z9Y10
+0.0625iY4Z5Y6X8Z9Y10−0.0625iY4Z5Y6Y8Z9X10
−0.0625iY4Z5Z6X7X9X10−0.0625iY4Z5Z6X7Y9Y10
+0.0625iY4Z5Z6Y7X9Y10−0.0625iY4Z5Z6Y7Y9X10
+0.0625iX5X6X8Z9Z10Y11−0.0625iX5X6Y8Z9Z10X11
+0.0625iX5Y6X8Z9Z10X11+0.0625iX5Y6Y8Z9Z10Y11
+0.0625iX5Z6X7X9Z10Y11−0.0625iX5Z6X7Y9Z10X11
+0.0625iX5Z6Y7X9Z10X11+0.0625iX5Z6Y7Y9Z10Y11
−0.0625iY5X6X8Z9Z10X11−0.0625iY5X6Y8Z9Z10Y11
+0.0625iY5Y6X8Z9Z10Y11−0.0625iY5Y6Y8Z9Z10X11
−0.0625iY5Z6X7X9Z10X11−0.0625iY5Z6X7Y9Z10Y11
+0.0625iY5Z6Y7X9Z10Y11−0.0625iY5Z6Y7Y9Z10X11
Im t
1,1,−1,1
−1,0,1,0
0.5ic
†
1,1,↑c−1,0,↑c
†
−1,1,↑c1,0,↑
+0.5ic
†
1,1,↑c−1,0,↑c
†
−1,1,↓c1,0,↓
+0.5ic
†
1,1,↓c−1,0,↓c
†
−1,1,↑c1,0,↑
+0.5ic
†
1,1,↓c−1,0,↓c
†
−1,1,↓c1,0,↓
θ51
−0.0625iX4Z5X6X8Z9X10−0.0625iX4Z5X6Y8Z9Y10
+0.0625iX4Z5Y6X8Z9Y10−0.0625iX4Z5Y6Y8Z9X10
−0.0625iX4Z5Z6X7X9X10−0.0625iX4Z5Z6X7Y9Y10
+0.0625iX4Z5Z6Y7X9Y10−0.0625iX4Z5Z6Y7Y9X10
−0.0625iY4Z5X6X8Z9Y10+0.0625iY4Z5X6Y8Z9X10
−0.0625iY4Z5Y6X8Z9X10−0.0625iY4Z5Y6Y8Z9Y10
−0.0625iY4Z5Z6X7X9Y10+0.0625iY4Z5Z6X7Y9X10
−0.0625iY4Z5Z6Y7X9X10−0.0625iY4Z5Z6Y7Y9Y10
−0.0625iX5X6X8Z9Z10X11−0.0625iX5X6Y8Z9Z10Y11
+0.0625iX5Y6X8Z9Z10Y11−0.0625iX5Y6Y8Z9Z10X11
−0.0625iX5Z6X7X9Z10X11−0.0625iX5Z6X7Y9Z10Y11
+0.0625iX5Z6Y7X9Z10Y11−0.0625iX5Z6Y7Y9Z10X11
−0.0625iY5X6X8Z9Z10Y11+0.0625iY5X6Y8Z9Z10X11
−0.0625iY5Y6X8Z9Z10X11−0.0625iY5Y6Y8Z9Z10Y11
−0.0625iY5Z6X7X9Z10Y11+0.0625iY5Z6X7Y9Z10X11
−0.0625iY5Z6Y7X9Z10X11−0.0625iY5Z6Y7Y9Z10Y11
Re t
−1,1,1,1
−1,0,1,0
0.5c
†
−1,1,↑c−1,0,↑c
†
1,1,↑c1,0,↑
+0.5c
†
−1,1,↑c−1,0,↑c
†
1,1,↓c1,0,↓
+0.5c
†
−1,1,↓c−1,0,↓c
†
1,1,↑c1,0,↑
+0.5c
†
−1,1,↓c−1,0,↓c
†
1,1,↓c1,0,↓
θ52
−0.0625iX4Z5X6X8Z9Y10+0.0625iX4Z5X6Y8Z9X10
−0.0625iX4Z5X6X9Z10Y11+0.0625iX4Z5X6Y9Z10X11
−0.0625iX4Z5Y6X8Z9X10−0.0625iX4Z5Y6Y8Z9Y10
−0.0625iX4Z5Y6X9Z10X11−0.0625iX4Z5Y6Y9Z10Y11
+0.0625iY4Z5X6X8Z9X10+0.0625iY4Z5X6Y8Z9Y10
+0.0625iY4Z5X6X9Z10X11+0.0625iY4Z5X6Y9Z10Y11
−0.0625iY4Z5Y6X8Z9Y10+0.0625iY4Z5Y6Y8Z9X10
−0.0625iY4Z5Y6X9Z10Y11+0.0625iY4Z5Y6Y9Z10X11
−0.0625iX5Z6X7X8Z9Y10+0.0625iX5Z6X7Y8Z9X10
−0.0625iX5Z6X7X9Z10Y11+0.0625iX5Z6X7Y9Z10X11
−0.0625iX5Z6Y7X8Z9X10−0.0625iX5Z6Y7Y8Z9Y10
−0.0625iX5Z6Y7X9Z10X11−0.0625iX5Z6Y7Y9Z10Y11
+0.0625iY5Z6X7X8Z9X10+0.0625iY5Z6X7Y8Z9Y10
+0.0625iY5Z6X7X9Z10X11+0.0625iY5Z6X7Y9Z10Y11
−0.0625iY5Z6Y7X8Z9Y10+0.0625iY5Z6Y7Y8Z9X10
−0.0625iY5Z6Y7X9Z10Y11+0.0625iY5Z6Y7Y9Z10X11
Im t
−1,1,1,1
−1,0,1,0
0.5ic
†
−1,1,↑c−1,0,↑c
†
1,1,↑c1,0,↑
+0.5ic
†
−1,1,↑c−1,0,↑c
†
1,1,↓c1,0,↓
+0.5ic
†
−1,1,↓c−1,0,↓c
†
1,1,↑c1,0,↑
+0.5ic
†
−1,1,↓c−1,0,↓c
†
1,1,↓c1,0,↓
θ53
0.0625iX4Z5X6X8Z9X10+0.0625iX4Z5X6Y8Z9Y10
+0.0625iX4Z5X6X9Z10X11+0.0625iX4Z5X6Y9Z10Y11
−0.0625iX4Z5Y6X8Z9Y10+0.0625iX4Z5Y6Y8Z9X10
−0.0625iX4Z5Y6X9Z10Y11+0.0625iX4Z5Y6Y9Z10X11
+0.0625iY4Z5X6X8Z9Y10−0.0625iY4Z5X6Y8Z9X10
+0.0625iY4Z5X6X9Z10Y11−0.0625iY4Z5X6Y9Z10X11
+0.0625iY4Z5Y6X8Z9X10+0.0625iY4Z5Y6Y8Z9Y10
+0.0625iY4Z5Y6X9Z10X11+0.0625iY4Z5Y6Y9Z10Y11
+0.0625iX5Z6X7X8Z9X10+0.0625iX5Z6X7Y8Z9Y10
+0.0625iX5Z6X7X9Z10X11+0.0625iX5Z6X7Y9Z10Y11
−0.0625iX5Z6Y7X8Z9Y10+0.0625iX5Z6Y7Y8Z9X10
−0.0625iX5Z6Y7X9Z10Y11+0.0625iX5Z6Y7Y9Z10X11
+0.0625iY5Z6X7X8Z9Y10−0.0625iY5Z6X7Y8Z9X10
+0.0625iY5Z6X7X9Z10Y11−0.0625iY5Z6X7Y9Z10X11
+0.0625iY5Z6Y7X8Z9X10+0.0625iY5Z6Y7Y8Z9Y10
+0.0625iY5Z6Y7X9Z10X11+0.0625iY5Z6Y7Y9Z10Y11
Re t
0,1,1,1
−1,0,−1,0
0.5c
†
0,1,↑c−1,0,↑c
†
1,1,↑c−1,0,↑
+0.5c
†
0,1,↑c−1,0,↑c
†
1,1,↓c−1,0,↓
+0.5c
†
0,1,↓c−1,0,↓c
†
1,1,↑c−1,0,↑
+0.5c
†
0,1,↓c−1,0,↓c
†
1,1,↓c−1,0,↓
θ54
0.0625iX2Z3Z4Z5Z6X7X8Y9+0.0625iX2Z3Z4Z5Z6X7Y8X9
−0.0625iX2Z3Z4Z5Z6Y7X8X9+0.0625iX2Z3Z4Z5Z6Y7Y8Y9
−0.0625iY2Z3Z4Z5Z6X7X8X9+0.0625iY2Z3Z4Z5Z6X7Y8Y9
−0.0625iY2Z3Z4Z5Z6Y7X8Y9−0.0625iY2Z3Z4Z5Z6Y7Y8X9
−0.0625iX3Z4Z5X6X8Y9−0.0625iX3Z4Z5X6Y8X9
+0.0625iX3Z4Z5Y6X8X9−0.0625iX3Z4Z5Y6Y8Y9
+0.0625iY3Z4Z5X6X8X9−0.0625iY3Z4Z5X6Y8Y9
+0.0625iY3Z4Z5Y6X8Y9+0.0625iY3Z4Z5Y6Y8X9
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Im t
0,1,1,1
−1,0,−1,0
0.5ic
†
0,1,↑c−1,0,↑c
†
1,1,↑c−1,0,↑
+0.5ic
†
0,1,↑c−1,0,↑c
†
1,1,↓c−1,0,↓
+0.5ic
†
0,1,↓c−1,0,↓c
†
1,1,↑c−1,0,↑
+0.5ic
†
0,1,↓c−1,0,↓c
†
1,1,↓c−1,0,↓
θ55
0.0625iX2Z3Z4Z5Z6X7X8X9−0.0625iX2Z3Z4Z5Z6X7Y8Y9
+0.0625iX2Z3Z4Z5Z6Y7X8Y9+0.0625iX2Z3Z4Z5Z6Y7Y8X9
+0.0625iY2Z3Z4Z5Z6X7X8Y9+0.0625iY2Z3Z4Z5Z6X7Y8X9
−0.0625iY2Z3Z4Z5Z6Y7X8X9+0.0625iY2Z3Z4Z5Z6Y7Y8Y9
−0.0625iX3Z4Z5X6X8X9+0.0625iX3Z4Z5X6Y8Y9
−0.0625iX3Z4Z5Y6X8Y9−0.0625iX3Z4Z5Y6Y8X9
−0.0625iY3Z4Z5X6X8Y9−0.0625iY3Z4Z5X6Y8X9
+0.0625iY3Z4Z5Y6X8X9−0.0625iY3Z4Z5Y6Y8Y9
Re t
1,1,0,1
−1,0,−1,0
0.5c
†
1,1,↑c−1,0,↑c
†
0,1,↑c−1,0,↑
+0.5c
†
1,1,↑c−1,0,↑c
†
0,1,↓c−1,0,↓
+0.5c
†
1,1,↓c−1,0,↓c
†
0,1,↑c−1,0,↑
+0.5c
†
1,1,↓c−1,0,↓c
†
0,1,↓c−1,0,↓
θ56
0.0625iX2Z3Z4Z5Z6X7X8Y9+0.0625iX2Z3Z4Z5Z6X7Y8X9
−0.0625iX2Z3Z4Z5Z6Y7X8X9+0.0625iX2Z3Z4Z5Z6Y7Y8Y9
−0.0625iY2Z3Z4Z5Z6X7X8X9+0.0625iY2Z3Z4Z5Z6X7Y8Y9
−0.0625iY2Z3Z4Z5Z6Y7X8Y9−0.0625iY2Z3Z4Z5Z6Y7Y8X9
−0.0625iX3Z4Z5X6X8Y9−0.0625iX3Z4Z5X6Y8X9
+0.0625iX3Z4Z5Y6X8X9−0.0625iX3Z4Z5Y6Y8Y9
+0.0625iY3Z4Z5X6X8X9−0.0625iY3Z4Z5X6Y8Y9
+0.0625iY3Z4Z5Y6X8Y9+0.0625iY3Z4Z5Y6Y8X9
Im t
1,1,0,1
−1,0,−1,0
0.5ic
†
1,1,↑c−1,0,↑c
†
0,1,↑c−1,0,↑
+0.5ic
†
1,1,↑c−1,0,↑c
†
0,1,↓c−1,0,↓
+0.5ic
†
1,1,↓c−1,0,↓c
†
0,1,↑c−1,0,↑
+0.5ic
†
1,1,↓c−1,0,↓c
†
0,1,↓c−1,0,↓
θ57
0.0625iX2Z3Z4Z5Z6X7X8X9−0.0625iX2Z3Z4Z5Z6X7Y8Y9
+0.0625iX2Z3Z4Z5Z6Y7X8Y9+0.0625iX2Z3Z4Z5Z6Y7Y8X9
+0.0625iY2Z3Z4Z5Z6X7X8Y9+0.0625iY2Z3Z4Z5Z6X7Y8X9
−0.0625iY2Z3Z4Z5Z6Y7X8X9+0.0625iY2Z3Z4Z5Z6Y7Y8Y9
−0.0625iX3Z4Z5X6X8X9+0.0625iX3Z4Z5X6Y8Y9
−0.0625iX3Z4Z5Y6X8Y9−0.0625iX3Z4Z5Y6Y8X9
−0.0625iY3Z4Z5X6X8Y9−0.0625iY3Z4Z5X6Y8X9
+0.0625iY3Z4Z5Y6X8X9−0.0625iY3Z4Z5Y6Y8Y9
Re t
−1,1,−1,1
−1,0,−1,0
0.5c
†
−1,1,↑c−1,0,↑c
†
−1,1,↑c−1,0,↑
+0.5c
†
−1,1,↑c−1,0,↑c
†
−1,1,↓c−1,0,↓
+0.5c
†
−1,1,↓c−1,0,↓c
†
−1,1,↑c−1,0,↑
+0.5c
†
−1,1,↓c−1,0,↓c
†
−1,1,↓c−1,0,↓
θ58
−0.125iX8X9X10Y11−0.125iX8X9Y10X11
+0.125iX8Y9X10X11−0.125iX8Y9Y10Y11
+0.125iY8X9X10X11−0.125iY8X9Y10Y11
+0.125iY8Y9X10Y11+0.125iY8Y9Y10X11
Im t
−1,1,−1,1
−1,0,−1,0
0.5ic
†
−1,1,↑c−1,0,↑c
†
−1,1,↑c−1,0,↑
+0.5ic
†
−1,1,↑c−1,0,↑c
†
−1,1,↓c−1,0,↓
+0.5ic
†
−1,1,↓c−1,0,↓c
†
−1,1,↑c−1,0,↑
+0.5ic
†
−1,1,↓c−1,0,↓c
†
−1,1,↓c−1,0,↓
θ59
0.125iX8X9X10X11−0.125iX8X9Y10Y11
+0.125iX8Y9X10Y11+0.125iX8Y9Y10X11
+0.125iY8X9X10Y11+0.125iY8X9Y10X11
−0.125iY8Y9X10X11+0.125iY8Y9Y10Y11
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Appendix B: Resource Reduction for Hydrogen Chain L = 2, d=0.75 A˚ using Point Group Symmetries
By imposing Born-von Karman boundary conditions, a periodic linear system can be shown to be equivalent to a
cyclic system. As a direct consequence, the translation operation on the L=2 hydrogen chain in real space is linked
to a C2 rotation in reciprocal space. Using this relation, we can analyze the periodicity of the crystal system using
point group symmetries [48].
To find the Z2 symmetries we need to first determine the symmetry operation in second quantization. We restate
the method here for convenience [41, 49]. For Abelian groups, the symmetry operation Sˆ acting on an N spin-orbital
system can be defined as a unitary operation,
Sˆ =
N−1∏
j=0
e−iθaˆ
†
j aˆj , (B1)
where aj is a Fermion operator acting on orbital j. The presence of the dagger (lack of dagger) represent the creation
(annihilation) of an electron in spin-orbital j. The rotation parameter θ must necessarily be 0 or pi. The number
operator in Jordan-Wigner encoding is 12
(
Iˆj − Zˆj
)
, where Iˆj and Zˆj are Pauli operators, and j is the qubit index.
The symmetry operator in Jordan-Wigner SˆJWj acting on arbitrary qubit j is,
SˆJWj = e
−i θ2 Ijei
θ
2Zj . (B2)
For the case when θ is zero, SˆJWj reduces to the identity operation. For the case when θ is pi, Sˆ
JW
j reduces to Zj .
The symmetry operation Sˆ in Jordan–Wigner encoding is now,
Sˆ =
∏
i∗
Zi∗ , (B3)
where i∗ is the index of spin-orbitals with character -1 [49].
In order to find the Z2 symmetry for the translation symmetry, we define the 1s-orbitals on a hydrogen atoms as
sA, where the superscript A denotes the location of the orbitals as it is shown in Figure 5. Consistently with the
transformation in Equation 1, the Bloch orbitals are written as,
bL0 = s
L0 + sL1 , (B4)
bL1 = s
L0 − sL1 , (B5)
bR0 = s
R0 + sR1 , (B6)
bR1 = s
R0 − sR1 , (B7)
where the subscript of the Bloch orbitals refers to the k-points in Table I and the global phase and normalisation are
ignored. With the Bloch orbitals the mean-field solution results in the following crystal orbitals,
b+0 = b
L
0 + b
R
0 , (B8)
b−0 = b
L
0 − bR0 , (B9)
b+1 = b
L
1 + b
R
1 , (B10)
b−1 = b
L
1 − bR1 , (B11)
where + or − define a bonding or anti-bonding crystal orbital. To find the Z2 symmetry corresponding to a primitive
cell translation Λ1, we apply the translation operation s
L0 → sL1 , sR0 → sR1 to the crystal orbitals b+0 , b−0 , b+1 and
b−1 . This results in the Z2 symmetry Z4Z5Z6Z7 corresponding to the translation of the primitive cell. Similarly, if we
perform the transformation sL0 → sR0 , sL1 → sR1 , we obtain the symmetry of the internal hydrogen dimer as a Z2
symmetry (Z2Z3Z6Z7). It is trivial to express alpha- and beta- number conservation as Z2 symmetries. In table X,
we state the reduced 4-qubit L = 2 hydrogen chain Hamiltonian.
We also use the Z2 symmetries defined above to reduce the number of excitations in our UCCSD-PBC ansatz. The
ansatz we use for the 4-qubit L = 2 hydrogen chain is stated in table XI. We enforce that all UCCSD exponents must
commute with all Z2 symmetries. We find the UCCSD singles do not commute, hence we remove these excitations
from our ansatz. Using Z2 symmetries we taper qubits on the remaining UCCSD exponents in our ansatz. In table
XI, we state the reduced 4-qubit UCCSD-PBC ansatz.
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FIG. 5. Hydrogen molecule chain with orbital labels for L = 2.
TABLE VIII: 8-qubit Hamiltonian HˆK for Hydrogen Chain L = 2 d = 0.75 A˚.
Fermion Term Fermion Term Coefficient Qubit Term Qubit Term Coefficients
1 – 26.3123141167 + 0.0000000000i – 2.7062283487 + 0.0000000000i
2 c†0,0,↑c0,0,↑ −10.9790671409 + 0.0000000000i Z0 0.7221310735 + 0.0000000000i
3 c†0,0,↓c0,0,↓ −10.9790671409 + 0.0000000000i Z1 0.7221310735 + 0.0000000000i
4 c†1,0,↑c1,0,↑ −10.8587001302 + 0.0000000000i Z2Z3 0.7054207903 + 0.0000000000i
5 c†1,0,↓c1,0,↓ −10.8587001302 + 0.0000000000i Z3Z4 0.6968335645 + 0.0000000000i
6 c†1,1,↑c1,1,↑ −10.7151889382 + 0.0000000000i Z2Z5 0.6968335645 + 0.0000000000i
7 c†1,1,↓c1,1,↓ −10.7151889382 + 0.0000000000i Z3Z6 0.6962810585 + 0.0000000000i
8 c†0,1,↑c0,1,↑ −10.2368067109 + 0.0000000000i Z2Z7 0.6962810585 + 0.0000000000i
9 c†0,1,↓c0,1,↓ −10.2368067109 + 0.0000000000i Z4Z5 0.6935154643 + 0.0000000000i
10 c†0,1,↓c
†
0,1,↑c0,1,↓c0,1,↑ −2.8216831613 + 0.0000000000i Z6Z7 0.6922789345 + 0.0000000000i
11 c†1,0,↑c
†
0,1,↓c1,0,↑c0,1,↓ −2.7873342581 + 0.0000000000i Z1Z2 0.6909942611 + 0.0000000000i
12 c†1,0,↓c
†
0,1,↑c1,0,↓c0,1,↑ −2.7873342581 + 0.0000000000i Z0Z3 0.6909942611 + 0.0000000000i
13 c†1,1,↑c
†
0,1,↓c1,1,↑c0,1,↓ −2.7851242340 + 0.0000000000i Z5Z6 0.6887802695 + 0.0000000000i
14 c†1,1,↓c
†
0,1,↑c1,1,↓c0,1,↑ −2.7851242340 + 0.0000000000i Z4Z7 0.6887802695 + 0.0000000000i
15 c†1,0,↓c
†
1,0,↑c1,0,↓c1,0,↑ −2.7740618572 + 0.0000000000i Z1Z4 0.6871232993 + 0.0000000000i
16 c†1,1,↓c
†
1,1,↑c1,1,↓c1,1,↑ −2.7691157381 + 0.0000000000i Z0Z5 0.6871232993 + 0.0000000000i
17 c†0,1,↑c
†
0,0,↓c0,1,↑c0,0,↓ −2.7639770445 + 0.0000000000i Z1Z6 0.6861733520 + 0.0000000000i
18 c†0,1,↓c
†
0,0,↑c0,1,↓c0,0,↑ −2.7639770445 + 0.0000000000i Z0Z7 0.6861733520 + 0.0000000000i
19 c†1,1,↑c
†
1,0,↓c1,1,↑c1,0,↓ −2.7551210780 + 0.0000000000i Z0Z1 0.6832307605 + 0.0000000000i
20 c†1,1,↓c
†
1,0,↑c1,1,↓c1,0,↑ −2.7551210780 + 0.0000000000i Z0Z2 0.6819306937 + 0.0000000000i
21 c†1,0,↑c
†
0,0,↓c1,0,↑c0,0,↓ −2.7484931972 + 0.0000000000i Z1Z3 0.6819306937 + 0.0000000000i
22 c†1,0,↓c
†
0,0,↑c1,0,↓c0,0,↑ −2.7484931972 + 0.0000000000i Z4Z6 0.6816541349 + 0.0000000000i
23 c†1,1,↑c
†
0,0,↓c1,1,↑c0,0,↓ −2.7446934079 + 0.0000000000i Z5Z7 0.6816541349 + 0.0000000000i
24 c†1,1,↓c
†
0,0,↑c1,1,↓c0,0,↑ −2.7446934079 + 0.0000000000i Z2Z4 0.6804886431 + 0.0000000000i
25 c†0,0,↓c
†
0,0,↑c0,0,↓c0,0,↑ −2.7329230418 + 0.0000000000i Z3Z5 0.6804886431 + 0.0000000000i
26 c†0,1,↑c
†
0,0,↑c0,1,↑c0,0,↑ −2.7277227750 + 0.0000000000i Z2Z6 0.6764061942 + 0.0000000000i
27 c†0,1,↓c
†
0,0,↓c0,1,↓c0,0,↓ −2.7277227750 + 0.0000000000i Z3Z7 0.6764061942 + 0.0000000000i
28 c†1,1,↑c
†
1,0,↑c1,1,↑c1,0,↑ −2.7266165396 + 0.0000000000i Z0Z6 0.6704772467 + 0.0000000000i
29 c†1,1,↓c
†
1,0,↓c1,1,↓c1,0,↓ −2.7266165396 + 0.0000000000i Z1Z7 0.6704772467 + 0.0000000000i
30 c†1,0,↑c
†
0,1,↑c1,0,↑c0,1,↑ −2.7219545723 + 0.0000000000i Z0Z4 0.6674728836 + 0.0000000000i
31 c†1,0,↓c
†
0,1,↓c1,0,↓c0,1,↓ −2.7219545723 + 0.0000000000i Z1Z5 0.6674728836 + 0.0000000000i
32 c†1,1,↑c
†
0,1,↑c1,1,↑c0,1,↑ −2.7056247769 + 0.0000000000i Z4 0.6334818058 + 0.0000000000i
33 c†1,1,↓c
†
0,1,↓c1,1,↓c0,1,↓ −2.7056247769 + 0.0000000000i Z5 0.6334818058 + 0.0000000000i
34 c†1,1,↑c
†
0,0,↑c1,1,↑c0,0,↑ −2.6819089868 + 0.0000000000i Z6 0.5655432787 + 0.0000000000i
35 c†1,1,↓c
†
0,0,↓c1,1,↓c0,0,↓ −2.6819089868 + 0.0000000000i Z7 0.5655432787 + 0.0000000000i
36 c†1,0,↑c
†
0,0,↑c1,0,↑c0,0,↑ −2.6698915345 + 0.0000000000i Z2 0.2900481499 + 0.0000000000i
37 c†1,0,↓c
†
0,0,↓c1,0,↓c0,0,↓ −2.6698915345 + 0.0000000000i Z3 0.2900481499 + 0.0000000000i
38 c†0,1,↓c
†
0,1,↑c1,1,↓c1,1,↑ −0.0794994571 + 0.0000000000i Y2X3X6Y7 0.0198748643 + 0.0000000000i
39 c†1,1,↑c
†
0,1,↓c1,1,↓c0,1,↑ 0.0794994571 + 0.0000000000i X2X3Y6Y7 −0.0198748643 + 0.0000000000i
40 c†1,1,↓c
†
0,1,↑c1,1,↑c0,1,↓ 0.0794994571 + 0.0000000000i Y2Y3X6X7 −0.0198748643 + 0.0000000000i
41 c†1,1,↓c
†
1,1,↑c0,1,↓c0,1,↑ −0.0794994571 + 0.0000000000i X2Y3Y6X7 0.0198748643 + 0.0000000000i
42 c†1,0,↓c
†
1,0,↑c0,0,↓c0,0,↑ −0.0786016627 + 0.0000000000i Y0X1X4Y5 0.0196504157 + 0.0000000000i
23
43 c†0,0,↓c
†
0,0,↑c1,0,↓c1,0,↑ −0.0786016627 + 0.0000000000i X0X1Y4Y5 −0.0196504157 + 0.0000000000i
44 c†1,0,↑c
†
0,0,↓c1,0,↓c0,0,↑ 0.0786016627 + 0.0000000000i Y0Y1X4X5 −0.0196504157 + 0.0000000000i
45 c†1,0,↓c
†
0,0,↑c1,0,↑c0,0,↓ 0.0786016627 + 0.0000000000i X0Y1Y4X5 0.0196504157 + 0.0000000000i
46 c†0,1,↑c
†
0,0,↓c1,1,↑c1,0,↓ 0.0735134435 + 0.0000000000i Y1X2X5Y6 −0.0183783609 + 0.0000000000i
47 c†0,1,↓c
†
0,0,↑c1,1,↓c1,0,↑ 0.0735134435 + 0.0000000000i X1X2Y5Y6 0.0183783609 + 0.0000000000i
48 c†1,1,↑c
†
0,0,↓c1,0,↓c0,1,↑ −0.0735134435 + 0.0000000000i Y1Y2X5X6 0.0183783609 + 0.0000000000i
49 c†1,0,↑c
†
0,1,↓c1,1,↓c0,0,↑ −0.0735134435 + 0.0000000000i X1Y2Y5X6 −0.0183783609 + 0.0000000000i
50 c†1,1,↓c
†
0,0,↑c1,0,↑c0,1,↓ −0.0735134435 + 0.0000000000i Y0Z1Z2X3X4Z5Z6Y7 −0.0183783609 + 0.0000000000i
51 c†1,0,↓c
†
0,1,↑c1,1,↑c0,0,↓ −0.0735134435 + 0.0000000000i X0Z1Z2X3Y4Z5Z6Y7 0.0183783609 + 0.0000000000i
52 c†1,1,↑c
†
1,0,↓c0,1,↑c0,0,↓ 0.0735134435 + 0.0000000000i Y0Z1Z2Y3X4Z5Z6X7 0.0183783609 + 0.0000000000i
53 c†1,1,↓c
†
1,0,↑c0,1,↓c0,0,↑ 0.0735134435 + 0.0000000000i X0Z1Z2Y3Y4Z5Z6X7 −0.0183783609 + 0.0000000000i
54 c†1,0,↓c
†
1,0,↑c0,1,↓c0,1,↑ −0.0653796859 + 0.0000000000i Y2X3X4Y5 0.0163449215 + 0.0000000000i
55 c†0,1,↓c
†
0,1,↑c1,0,↓c1,0,↑ −0.0653796859 + 0.0000000000i X2X3Y4Y5 −0.0163449215 + 0.0000000000i
56 c†1,0,↑c
†
0,1,↓c1,0,↓c0,1,↑ 0.0653796859 + 0.0000000000i Y2Y3X4X5 −0.0163449215 + 0.0000000000i
57 c†1,0,↓c
†
0,1,↑c1,0,↑c0,1,↓ 0.0653796859 + 0.0000000000i X2Y3Y4X5 0.0163449215 + 0.0000000000i
58 c†1,1,↑c
†
0,0,↓c1,1,↓c0,0,↑ 0.0627844211 + 0.0000000000i Y0X1X6Y7 0.0156961053 + 0.0000000000i
59 c†1,1,↓c
†
0,0,↑c1,1,↑c0,0,↓ 0.0627844211 + 0.0000000000i X0X1Y6Y7 −0.0156961053 + 0.0000000000i
60 c†0,0,↓c
†
0,0,↑c1,1,↓c1,1,↑ −0.0627844211 + 0.0000000000i Y0Y1X6X7 −0.0156961053 + 0.0000000000i
61 c†1,1,↓c
†
1,1,↑c0,0,↓c0,0,↑ −0.0627844211 + 0.0000000000i X0Y1Y6X7 0.0156961053 + 0.0000000000i
62 c†1,0,↑c
†
0,0,↓c1,1,↓c0,1,↑ −0.0597148093 + 0.0000000000i Y1X2X4Z5Z6Y7 0.0149287023 + 0.0000000000i
63 c†1,1,↑c
†
0,1,↓c1,0,↓c0,0,↑ −0.0597148093 + 0.0000000000i X1X2X4Z5Z6X7 0.0149287023 + 0.0000000000i
64 c†1,0,↓c
†
0,0,↑c1,1,↑c0,1,↓ −0.0597148093 + 0.0000000000i Y1Y2Y4Z5Z6Y7 0.0149287023 + 0.0000000000i
65 c†1,1,↓c
†
0,1,↑c1,0,↑c0,0,↓ −0.0597148093 + 0.0000000000i X1Y2Y4Z5Z6X7 0.0149287023 + 0.0000000000i
66 c†0,1,↑c
†
0,0,↓c1,1,↓c1,0,↑ −0.0597148093 + 0.0000000000i Y0Z1Z2X3X5Y6 0.0149287023 + 0.0000000000i
67 c†0,1,↓c
†
0,0,↑c1,1,↑c1,0,↓ −0.0597148093 + 0.0000000000i X0Z1Z2X3X5X6 0.0149287023 + 0.0000000000i
68 c†1,1,↑c
†
1,0,↓c0,1,↓c0,0,↑ −0.0597148093 + 0.0000000000i Y0Z1Z2Y3Y5Y6 0.0149287023 + 0.0000000000i
69 c†1,1,↓c
†
1,0,↑c0,1,↑c0,0,↓ −0.0597148093 + 0.0000000000i X0Z1Z2Y3Y5X6 0.0149287023 + 0.0000000000i
70 c†1,1,↑c
†
0,0,↑c1,0,↑c0,1,↑ −0.0413737774 + 0.0000000000i X0Z1X2Y4Z5Y6 0.0103434444 + 0.0000000000i
71 c†1,0,↑c
†
0,1,↑c1,1,↑c0,0,↑ −0.0413737774 + 0.0000000000i Y0Z1Y2X4Z5X6 0.0103434444 + 0.0000000000i
72 c†1,1,↓c
†
0,0,↓c1,0,↓c0,1,↓ −0.0413737774 + 0.0000000000i X1Z2X3Y5Z6Y7 0.0103434444 + 0.0000000000i
73 c†1,0,↓c
†
0,1,↓c1,1,↓c0,0,↓ −0.0413737774 + 0.0000000000i Y1Z2Y3X5Z6X7 0.0103434444 + 0.0000000000i
74 c†0,0,↓c
†
0,0,↑c0,1,↓c0,1,↑ −0.0362542696 + 0.0000000000i Y0X1X2Y3 0.0090635674 + 0.0000000000i
75 c†0,1,↑c
†
0,0,↓c0,1,↓c0,0,↑ 0.0362542696 + 0.0000000000i X0X1Y2Y3 −0.0090635674 + 0.0000000000i
76 c†0,1,↓c
†
0,0,↑c0,1,↑c0,0,↓ 0.0362542696 + 0.0000000000i Y0Y1X2X3 −0.0090635674 + 0.0000000000i
77 c†0,1,↓c
†
0,1,↑c0,0,↓c0,0,↑ −0.0362542696 + 0.0000000000i X0Y1Y2X3 0.0090635674 + 0.0000000000i
78 c†1,0,↑c
†
0,1,↓c1,1,↑c0,0,↓ 0.0321396661 + 0.0000000000i Y1Z2Y3Y4Z5Y6 −0.0080349165 + 0.0000000000i
79 c†1,0,↓c
†
0,1,↑c1,1,↓c0,0,↑ 0.0321396661 + 0.0000000000i X1Z2X3Y4Z5Y6 −0.0080349165 + 0.0000000000i
80 c†1,0,↑c
†
0,0,↓c1,1,↑c0,1,↓ 0.0321396661 + 0.0000000000i Y1Z2Y3X4Z5X6 −0.0080349165 + 0.0000000000i
81 c†1,1,↑c
†
0,0,↓c1,0,↑c0,1,↓ 0.0321396661 + 0.0000000000i X1Z2X3X4Z5X6 −0.0080349165 + 0.0000000000i
82 c†1,1,↑c
†
0,1,↓c1,0,↑c0,0,↓ 0.0321396661 + 0.0000000000i Y0Z1Y2Y5Z6Y7 −0.0080349165 + 0.0000000000i
83 c†1,0,↓c
†
0,0,↑c1,1,↓c0,1,↑ 0.0321396661 + 0.0000000000i X0Z1X2Y5Z6Y7 −0.0080349165 + 0.0000000000i
84 c†1,1,↓c
†
0,0,↑c1,0,↓c0,1,↑ 0.0321396661 + 0.0000000000i Y0Z1Y2X5Z6X7 −0.0080349165 + 0.0000000000i
85 c†1,1,↓c
†
0,1,↑c1,0,↓c0,0,↑ 0.0321396661 + 0.0000000000i X0Z1X2X5Z6X7 −0.0080349165 + 0.0000000000i
86 c†1,0,↓c
†
1,0,↑c1,1,↓c1,1,↑ −0.0285045384 + 0.0000000000i Y4X5X6Y7 0.0071261346 + 0.0000000000i
87 c†1,1,↑c
†
1,0,↓c1,1,↓c1,0,↑ 0.0285045384 + 0.0000000000i X4X5Y6Y7 −0.0071261346 + 0.0000000000i
88 c†1,1,↓c
†
1,0,↑c1,1,↑c1,0,↓ 0.0285045384 + 0.0000000000i Y4Y5X6X7 −0.0071261346 + 0.0000000000i
89 c†1,1,↓c
†
1,1,↑c1,0,↓c1,0,↑ −0.0285045384 + 0.0000000000i X4Y5Y6X7 0.0071261346 + 0.0000000000i
90 c†1,1,↑c
†
0,1,↑c1,0,↑c0,0,↑ −0.0275751432 + 0.0000000000i Y0Z1Y2Y4Z5Y6 0.0068937858 + 0.0000000000i
91 c†1,1,↓c
†
0,1,↓c1,0,↓c0,0,↓ −0.0275751432 + 0.0000000000i X0Z1X2X4Z5X6 0.0068937858 + 0.0000000000i
92 c†1,0,↑c
†
0,0,↑c1,1,↑c0,1,↑ −0.0275751432 + 0.0000000000i Y1Z2Y3Y5Z6Y7 0.0068937858 + 0.0000000000i
93 c†1,0,↓c
†
0,0,↓c1,1,↓c0,1,↓ −0.0275751432 + 0.0000000000i X1Z2X3X5Z6X7 0.0068937858 + 0.0000000000i
94 c†0,1,↑c
†
0,0,↑c1,1,↑c1,0,↑ 0.0137986342 + 0.0000000000i X0Z1Y2Y4Z5X6 −0.0034496586 + 0.0000000000i
95 c†0,1,↓c
†
0,0,↓c1,1,↓c1,0,↓ 0.0137986342 + 0.0000000000i Y0Z1X2X4Z5Y6 −0.0034496586 + 0.0000000000i
96 c†1,1,↑c
†
1,0,↑c0,1,↑c0,0,↑ 0.0137986342 + 0.0000000000i X1Z2Y3Y5Z6X7 −0.0034496586 + 0.0000000000i
97 c†1,1,↓c
†
1,0,↓c0,1,↓c0,0,↓ 0.0137986342 + 0.0000000000i Y1Z2X3X5Z6Y7 −0.0034496586 + 0.0000000000i
24
TABLE IX: 8-qubit Hamiltonian HˆR for Hydrogen Chain L = 2 d = 0.75 A˚.
Fermion Term Fermion Term Coefficient Qubit Term Qubit Term Coefficients
1 – 26.3123141167 + 0.0000000000i – 2.7062283487 + 0.0000000000i
2 a†0,0,↑a0,0,↑ −10.9188836355 + 0.0000000000i Z2Z3 0.7174403247 + 0.0000000000i
3 a†1,0,↑a1,0,↑ −10.9188836355 + 0.0000000000i Z6Z7 0.7174403247 + 0.0000000000i
4 a†0,0,↓a0,0,↓ −10.9188836355 + 0.0000000000i Z1Z6 0.7090737227 + 0.0000000000i
5 a†1,0,↓a1,0,↓ −10.9188836355 + 0.0000000000i Z3Z4 0.7090737227 + 0.0000000000i
6 a†0,1,↑a0,1,↑ −10.4759978245 + 0.0000000000i Z2Z5 0.7090737227 + 0.0000000000i
7 a†1,1,↑a1,1,↑ −10.4759978245 + 0.0000000000i Z0Z7 0.7090737227 + 0.0000000000i
8 a†0,1,↓a0,1,↓ −10.4759978245 + 0.0000000000i Z0Z1 0.7073986215 + 0.0000000000i
9 a†1,1,↓a1,1,↓ −10.4759978245 + 0.0000000000i Z4Z5 0.7073986215 + 0.0000000000i
10 a†0,1,↓a
†
0,1,↑a0,1,↓a0,1,↑ −2.8697612989 + 0.0000000000i Z0Z6 0.6855342311 + 0.0000000000i
11 a†1,1,↓a
†
1,1,↑a1,1,↓a1,1,↑ −2.8697612989 + 0.0000000000i Z2Z4 0.6855342311 + 0.0000000000i
12 a†1,1,↑a
†
0,0,↓a1,1,↑a0,0,↓ −2.8362948906 + 0.0000000000i Z1Z7 0.6855342311 + 0.0000000000i
13 a†1,0,↑a
†
0,1,↓a1,0,↑a0,1,↓ −2.8362948906 + 0.0000000000i Z3Z5 0.6855342311 + 0.0000000000i
14 a†1,0,↓a
†
0,1,↑a1,0,↓a0,1,↑ −2.8362948906 + 0.0000000000i Z4 0.6778064397 + 0.0000000000i
15 a†1,1,↓a
†
0,0,↑a1,1,↓a0,0,↑ −2.8362948906 + 0.0000000000i Z5 0.6778064397 + 0.0000000000i
16 a†0,0,↓a
†
0,0,↑a0,0,↓a0,0,↑ −2.8295944860 + 0.0000000000i Z0 0.6778064397 + 0.0000000000i
17 a†1,0,↓a
†
1,0,↑a1,0,↓a1,0,↑ −2.8295944860 + 0.0000000000i Z1 0.6778064397 + 0.0000000000i
18 a†1,1,↑a
†
0,0,↑a1,1,↑a0,0,↑ −2.7421369242 + 0.0000000000i Z3Z6 0.6776905962 + 0.0000000000i
19 a†1,0,↑a
†
0,1,↑a1,0,↑a0,1,↑ −2.7421369242 + 0.0000000000i Z2Z7 0.6776905962 + 0.0000000000i
20 a†1,1,↓a
†
0,0,↓a1,1,↓a0,0,↓ −2.7421369242 + 0.0000000000i Z2Z6 0.6764061942 + 0.0000000000i
21 a†1,0,↓a
†
0,1,↓a1,0,↓a0,1,↓ −2.7421369242 + 0.0000000000i Z3Z7 0.6764061942 + 0.0000000000i
22 a†1,1,↑a
†
0,1,↓a1,1,↑a0,1,↓ −2.7107623848 + 0.0000000000i Z1Z2 0.6723170009 + 0.0000000000i
23 a†1,1,↓a
†
0,1,↑a1,1,↓a0,1,↑ −2.7107623848 + 0.0000000000i Z0Z3 0.6723170009 + 0.0000000000i
24 a†1,1,↑a
†
0,1,↑a1,1,↑a0,1,↑ −2.7056247769 + 0.0000000000i Z5Z6 0.6723170009 + 0.0000000000i
25 a†1,1,↓a
†
0,1,↓a1,1,↓a0,1,↓ −2.7056247769 + 0.0000000000i Z4Z7 0.6723170009 + 0.0000000000i
26 a†0,1,↑a
†
0,0,↓a0,1,↑a0,0,↓ −2.6892680037 + 0.0000000000i Z0Z2 0.6717411282 + 0.0000000000i
27 a†0,1,↓a
†
0,0,↑a0,1,↓a0,0,↑ −2.6892680037 + 0.0000000000i Z4Z6 0.6717411282 + 0.0000000000i
28 a†1,1,↑a
†
1,0,↓a1,1,↑a1,0,↓ −2.6892680037 + 0.0000000000i Z1Z3 0.6717411282 + 0.0000000000i
29 a†1,1,↓a
†
1,0,↑a1,1,↓a1,0,↑ −2.6892680037 + 0.0000000000i Z5Z7 0.6717411282 + 0.0000000000i
30 a†0,1,↑a
†
0,0,↑a0,1,↑a0,0,↑ −2.6869645126 + 0.0000000000i Z1Z4 0.6680977902 + 0.0000000000i
31 a†1,1,↑a
†
1,0,↑a1,1,↑a1,0,↑ −2.6869645126 + 0.0000000000i Z0Z5 0.6680977902 + 0.0000000000i
32 a†0,1,↓a
†
0,0,↓a0,1,↓a0,0,↓ −2.6869645126 + 0.0000000000i Z0Z4 0.6674728836 + 0.0000000000i
33 a†1,1,↓a
†
1,0,↓a1,1,↓a1,0,↓ −2.6869645126 + 0.0000000000i Z1Z5 0.6674728836 + 0.0000000000i
34 a†1,0,↑a
†
0,0,↓a1,0,↑a0,0,↓ −2.6723911607 + 0.0000000000i Z2 0.4277957143 + 0.0000000000i
35 a†1,0,↓a
†
0,0,↑a1,0,↓a0,0,↑ −2.6723911607 + 0.0000000000i Z3 0.4277957143 + 0.0000000000i
36 a†1,0,↑a
†
0,0,↑a1,0,↑a0,0,↑ −2.6698915345 + 0.0000000000i Z6 0.4277957143 + 0.0000000000i
37 a†1,0,↓a
†
0,0,↓a1,0,↓a0,0,↓ −2.6698915345 + 0.0000000000i Z7 0.4277957143 + 0.0000000000i
38 a†0,1,↑a1,1,↑ 0.2391911137 + 0.0000000000i Y2Z3Z4Z5Y6 0.1377475644 + 0.0000000000i
39 a†1,1,↑a0,1,↑ 0.2391911137 + 0.0000000000i X2Z3Z4Z5X6 0.1377475644 + 0.0000000000i
40 a†0,1,↓a1,1,↓ 0.2391911137 + 0.0000000000i Y3Z4Z5Z6Y7 0.1377475644 + 0.0000000000i
41 a†1,1,↓a0,1,↓ 0.2391911137 + 0.0000000000i X3Z4Z5Z6X7 0.1377475644 + 0.0000000000i
42 a†0,0,↓a
†
0,0,↑a1,1,↓a1,1,↑ −0.0941579664 + 0.0000000000i Y0Z1Z2Z3Y4 −0.0443246338 + 0.0000000000i
43 a†1,1,↑a
†
0,0,↓a1,1,↓a0,0,↑ 0.0941579664 + 0.0000000000i X0Z1Z2Z3X4 −0.0443246338 + 0.0000000000i
44 a†0,1,↓a
†
0,1,↑a1,0,↓a1,0,↑ −0.0941579664 + 0.0000000000i Y1Z2Z3Z4Y5 −0.0443246338 + 0.0000000000i
45 a†1,0,↑a
†
0,1,↓a1,0,↓a0,1,↑ 0.0941579664 + 0.0000000000i X1Z2Z3Z4X5 −0.0443246338 + 0.0000000000i
46 a†1,0,↓a
†
0,1,↑a1,0,↑a0,1,↓ 0.0941579664 + 0.0000000000i Y0X1X6Y7 0.0235394916 + 0.0000000000i
47 a†1,0,↓a
†
1,0,↑a0,1,↓a0,1,↑ −0.0941579664 + 0.0000000000i X0X1Y6Y7 −0.0235394916 + 0.0000000000i
48 a†1,1,↓a
†
0,0,↑a1,1,↑a0,0,↓ 0.0941579664 + 0.0000000000i Y0Y1X6X7 −0.0235394916 + 0.0000000000i
49 a†1,1,↓a
†
1,1,↑a0,0,↓a0,0,↑ −0.0941579664 + 0.0000000000i X0Y1Y6X7 0.0235394916 + 0.0000000000i
50 a†0,0,↑a1,0,↑ −0.0601835054 + 0.0000000000i Y2X3X4Y5 0.0235394916 + 0.0000000000i
51 a†1,0,↑a0,0,↑ −0.0601835054 + 0.0000000000i X2X3Y4Y5 −0.0235394916 + 0.0000000000i
52 a†0,0,↓a1,0,↓ −0.0601835054 + 0.0000000000i Y2Y3X4X5 −0.0235394916 + 0.0000000000i
53 a†1,0,↓a0,0,↓ −0.0601835054 + 0.0000000000i X2Y3Y4X5 0.0235394916 + 0.0000000000i
54 a†0,1,↑a
†
0,0,↓a1,1,↓a1,0,↑ −0.0296388964 + 0.0000000000i Y1X2X4Z5Z6Y7 0.0074097241 + 0.0000000000i
55 a†0,1,↓a
†
0,0,↑a1,1,↑a1,0,↓ −0.0296388964 + 0.0000000000i X1X2X4Z5Z6X7 0.0074097241 + 0.0000000000i
56 a†1,1,↑a
†
1,0,↓a0,1,↓a0,0,↑ −0.0296388964 + 0.0000000000i Y1Y2Y4Z5Z6Y7 0.0074097241 + 0.0000000000i
57 a†1,1,↓a
†
1,0,↑a0,1,↑a0,0,↓ −0.0296388964 + 0.0000000000i X1Y2Y4Z5Z6X7 0.0074097241 + 0.0000000000i
58 a†1,0,↑a
†
0,0,↓a1,1,↓a0,1,↑ −0.0296388964 + 0.0000000000i Y0Z1Z2X3X5Y6 0.0074097241 + 0.0000000000i
59 a†1,1,↑a
†
0,1,↓a1,0,↓a0,0,↑ −0.0296388964 + 0.0000000000i X0Z1Z2X3X5X6 0.0074097241 + 0.0000000000i
60 a†1,0,↓a
†
0,0,↑a1,1,↑a0,1,↓ −0.0296388964 + 0.0000000000i Y0Z1Z2Y3Y5Y6 0.0074097241 + 0.0000000000i
25
61 a†1,1,↓a
†
0,1,↑a1,0,↑a0,0,↓ −0.0296388964 + 0.0000000000i X0Z1Z2Y3Y5X6 0.0074097241 + 0.0000000000i
62 a†1,0,↑a
†
0,0,↑a1,1,↑a0,1,↑ −0.0275751432 + 0.0000000000i Y0Z1Y2Y4Z5Y6 0.0068937858 + 0.0000000000i
63 a†1,1,↑a
†
0,1,↑a1,0,↑a0,0,↑ −0.0275751432 + 0.0000000000i X0Z1X2X4Z5X6 0.0068937858 + 0.0000000000i
64 a†1,0,↓a
†
0,0,↓a1,1,↓a0,1,↓ −0.0275751432 + 0.0000000000i Y1Z2Y3Y5Z6Y7 0.0068937858 + 0.0000000000i
65 a†1,1,↓a
†
0,1,↓a1,0,↓a0,0,↓ −0.0275751432 + 0.0000000000i X1Z2X3X5Z6X7 0.0068937858 + 0.0000000000i
66 a†0,1,↑a
†
0,0,↑a1,1,↑a1,0,↑ −0.0264065105 + 0.0000000000i X0Z1Y2Y4Z5X6 0.0066016276 + 0.0000000000i
67 a†1,1,↑a
†
1,0,↑a0,1,↑a0,0,↑ −0.0264065105 + 0.0000000000i Y0Z1X2X4Z5Y6 0.0066016276 + 0.0000000000i
68 a†0,1,↓a
†
0,0,↓a1,1,↓a1,0,↓ −0.0264065105 + 0.0000000000i X1Z2Y3Y5Z6X7 0.0066016276 + 0.0000000000i
69 a†1,1,↓a
†
1,0,↓a0,1,↓a0,0,↓ −0.0264065105 + 0.0000000000i Y1Z2X3X5Z6Y7 0.0066016276 + 0.0000000000i
70 a†1,1,↑a
†
0,1,↓a0,1,↓a0,1,↑ 0.0131418558 + 0.0000000000i Y2Z4Z5Y6 −0.0032854639 + 0.0000000000i
71 a†1,1,↑a
†
0,1,↓a1,1,↓a1,1,↑ 0.0131418558 + 0.0000000000i X2Z4Z5X6 −0.0032854639 + 0.0000000000i
72 a†1,1,↓a
†
0,1,↑a0,1,↓a0,1,↑ −0.0131418558 + 0.0000000000i Z2Y3Z4Z5Z6Y7 −0.0032854639 + 0.0000000000i
73 a†1,1,↓a
†
0,1,↑a1,1,↓a1,1,↑ −0.0131418558 + 0.0000000000i Z2X3Z4Z5Z6X7 −0.0032854639 + 0.0000000000i
74 a†0,1,↓a
†
0,1,↑a1,1,↑a0,1,↓ 0.0131418558 + 0.0000000000i Y3Z4Z5Y7 −0.0032854639 + 0.0000000000i
75 a†0,1,↓a
†
0,1,↑a1,1,↓a0,1,↑ −0.0131418558 + 0.0000000000i X3Z4Z5X7 −0.0032854639 + 0.0000000000i
76 a†1,1,↓a
†
1,1,↑a1,1,↑a0,1,↓ 0.0131418558 + 0.0000000000i Y2Z3Z4Z5Y6Z7 −0.0032854639 + 0.0000000000i
77 a†1,1,↓a
†
1,1,↑a1,1,↓a0,1,↑ −0.0131418558 + 0.0000000000i X2Z3Z4Z5X6Z7 −0.0032854639 + 0.0000000000i
78 a†0,1,↑a
†
0,0,↓a1,1,↑a0,0,↓ −0.0128742042 + 0.0000000000i Z1Y2Z3Z4Z5Y6 −0.0032185510 + 0.0000000000i
79 a†0,1,↓a
†
0,0,↑a1,1,↓a0,0,↑ −0.0128742042 + 0.0000000000i Z1X2Z3Z4Z5X6 −0.0032185510 + 0.0000000000i
80 a†1,1,↑a
†
1,0,↓a1,0,↓a0,1,↑ 0.0128742042 + 0.0000000000i Z0Y3Z4Z5Z6Y7 −0.0032185510 + 0.0000000000i
81 a†1,1,↓a
†
1,0,↑a1,0,↑a0,1,↓ 0.0128742042 + 0.0000000000i Z0X3Z4Z5Z6X7 −0.0032185510 + 0.0000000000i
82 a†1,1,↑a
†
0,0,↓a0,1,↑a0,0,↓ −0.0128742042 + 0.0000000000i Y3Z5Z6Y7 −0.0032185510 + 0.0000000000i
83 a†1,0,↑a
†
0,1,↓a1,1,↓a1,0,↑ 0.0128742042 + 0.0000000000i X3Z5Z6X7 −0.0032185510 + 0.0000000000i
84 a†1,0,↓a
†
0,1,↑a1,1,↑a1,0,↓ 0.0128742042 + 0.0000000000i Y2Z3Z4Y6 −0.0032185510 + 0.0000000000i
85 a†1,1,↓a
†
0,0,↑a0,1,↓a0,0,↑ −0.0128742042 + 0.0000000000i X2Z3Z4X6 −0.0032185510 + 0.0000000000i
86 a†1,1,↑a
†
1,0,↑a1,0,↑a0,1,↑ 0.0102879552 + 0.0000000000i Y2Z3Z5Y6 −0.0025719888 + 0.0000000000i
87 a†1,1,↓a
†
1,0,↓a1,0,↓a0,1,↓ 0.0102879552 + 0.0000000000i X2Z3Z5X6 −0.0025719888 + 0.0000000000i
88 a†0,1,↑a
†
0,0,↑a1,1,↑a0,0,↑ −0.0102879552 + 0.0000000000i Y3Z4Z6Y7 −0.0025719888 + 0.0000000000i
89 a†0,1,↓a
†
0,0,↓a1,1,↓a0,0,↓ −0.0102879552 + 0.0000000000i X3Z4Z6X7 −0.0025719888 + 0.0000000000i
90 a†1,1,↑a
†
0,0,↑a0,1,↑a0,0,↑ −0.0102879552 + 0.0000000000i Z0Y2Z3Z4Z5Y6 −0.0025719888 + 0.0000000000i
91 a†1,0,↑a
†
0,1,↑a1,1,↑a1,0,↑ 0.0102879552 + 0.0000000000i Z0X2Z3Z4Z5X6 −0.0025719888 + 0.0000000000i
92 a†1,1,↓a
†
0,0,↓a0,1,↓a0,0,↓ −0.0102879552 + 0.0000000000i Z1Y3Z4Z5Z6Y7 −0.0025719888 + 0.0000000000i
93 a†1,0,↓a
†
0,1,↓a1,1,↓a1,0,↓ 0.0102879552 + 0.0000000000i Z1X3Z4Z5Z6X7 −0.0025719888 + 0.0000000000i
94 a†1,0,↑a
†
0,0,↓a0,0,↓a0,0,↑ −0.0102847038 + 0.0000000000i Y0Z2Z3Y4 0.0025711760 + 0.0000000000i
95 a†1,0,↑a
†
0,0,↓a1,0,↓a1,0,↑ −0.0102847038 + 0.0000000000i X0Z2Z3X4 0.0025711760 + 0.0000000000i
96 a†1,0,↓a
†
0,0,↑a0,0,↓a0,0,↑ 0.0102847038 + 0.0000000000i Z0Y1Z2Z3Z4Y5 0.0025711760 + 0.0000000000i
97 a†1,0,↓a
†
0,0,↑a1,0,↓a1,0,↑ 0.0102847038 + 0.0000000000i Z0X1Z2Z3Z4X5 0.0025711760 + 0.0000000000i
98 a†0,0,↓a
†
0,0,↑a1,0,↑a0,0,↓ −0.0102847038 + 0.0000000000i Y1Z2Z3Y5 0.0025711760 + 0.0000000000i
99 a†0,0,↓a
†
0,0,↑a1,0,↓a0,0,↑ 0.0102847038 + 0.0000000000i X1Z2Z3X5 0.0025711760 + 0.0000000000i
100 a†1,0,↓a
†
1,0,↑a1,0,↑a0,0,↓ −0.0102847038 + 0.0000000000i Y0Z1Z2Z3Y4Z5 0.0025711760 + 0.0000000000i
101 a†1,0,↓a
†
1,0,↑a1,0,↓a0,0,↑ 0.0102847038 + 0.0000000000i X0Z1Z2Z3X4Z5 0.0025711760 + 0.0000000000i
102 a†1,1,↑a
†
0,0,↑a1,1,↑a1,0,↑ 0.0097348375 + 0.0000000000i Y0Z1Z3Y4 0.0024337094 + 0.0000000000i
103 a†1,0,↑a
†
0,1,↑a0,1,↑a0,0,↑ −0.0097348375 + 0.0000000000i X0Z1Z3X4 0.0024337094 + 0.0000000000i
104 a†1,1,↓a
†
0,0,↓a1,1,↓a1,0,↓ 0.0097348375 + 0.0000000000i Y0Z1Z2Z3Y4Z6 0.0024337094 + 0.0000000000i
105 a†1,0,↓a
†
0,1,↓a0,1,↓a0,0,↓ −0.0097348375 + 0.0000000000i X0Z1Z2Z3X4Z6 0.0024337094 + 0.0000000000i
106 a†0,1,↑a
†
0,0,↑a1,0,↑a0,1,↑ −0.0097348375 + 0.0000000000i Y1Z2Z4Y5 0.0024337094 + 0.0000000000i
107 a†1,1,↑a
†
1,0,↑a1,1,↑a0,0,↑ 0.0097348375 + 0.0000000000i X1Z2Z4X5 0.0024337094 + 0.0000000000i
108 a†0,1,↓a
†
0,0,↓a1,0,↓a0,1,↓ −0.0097348375 + 0.0000000000i Y1Z2Z3Z4Y5Z7 0.0024337094 + 0.0000000000i
109 a†1,1,↓a
†
1,0,↓a1,1,↓a0,0,↓ 0.0097348375 + 0.0000000000i X1Z2Z3Z4X5Z7 0.0024337094 + 0.0000000000i
110 a†1,1,↑a
†
0,0,↓a1,1,↑a1,0,↓ 0.0084462209 + 0.0000000000i Y1Z3Z4Y5 0.0021115552 + 0.0000000000i
111 a†1,0,↑a
†
0,1,↓a0,1,↓a0,0,↑ −0.0084462209 + 0.0000000000i X1Z3Z4X5 0.0021115552 + 0.0000000000i
112 a†1,0,↓a
†
0,1,↑a0,1,↑a0,0,↓ −0.0084462209 + 0.0000000000i Y1Z2Z3Z4Y5Z6 0.0021115552 + 0.0000000000i
113 a†1,1,↓a
†
0,0,↑a1,1,↓a1,0,↑ 0.0084462209 + 0.0000000000i X1Z2Z3Z4X5Z6 0.0021115552 + 0.0000000000i
114 a†0,1,↑a
†
0,0,↓a1,0,↓a0,1,↑ −0.0084462209 + 0.0000000000i Y0Z1Z2Y4 0.0021115552 + 0.0000000000i
115 a†0,1,↓a
†
0,0,↑a1,0,↑a0,1,↓ −0.0084462209 + 0.0000000000i X0Z1Z2X4 0.0021115552 + 0.0000000000i
116 a†1,1,↑a
†
1,0,↓a1,1,↑a0,0,↓ 0.0084462209 + 0.0000000000i Y0Z1Z2Z3Y4Z7 0.0021115552 + 0.0000000000i
117 a†1,1,↓a
†
1,0,↑a1,1,↓a0,0,↑ 0.0084462209 + 0.0000000000i X0Z1Z2Z3X4Z7 0.0021115552 + 0.0000000000i
118 a†0,1,↓a
†
0,1,↑a1,1,↓a1,1,↑ −0.0051376079 + 0.0000000000i Y2X3X6Y7 0.0012844020 + 0.0000000000i
119 a†1,1,↑a
†
0,1,↓a1,1,↓a0,1,↑ 0.0051376079 + 0.0000000000i X2X3Y6Y7 −0.0012844020 + 0.0000000000i
120 a†1,1,↓a
†
0,1,↑a1,1,↑a0,1,↓ 0.0051376079 + 0.0000000000i Y2Y3X6X7 −0.0012844020 + 0.0000000000i
121 a†1,1,↓a
†
1,1,↑a0,1,↓a0,1,↑ −0.0051376079 + 0.0000000000i X2Y3Y6X7 0.0012844020 + 0.0000000000i
122 a†1,1,↑a
†
0,0,↓a1,0,↓a0,1,↑ −0.0032323859 + 0.0000000000i Y1X2X5Y6 −0.0008080965 + 0.0000000000i
26
123 a†1,0,↑a
†
0,1,↓a1,1,↓a0,0,↑ −0.0032323859 + 0.0000000000i X1X2Y5Y6 0.0008080965 + 0.0000000000i
124 a†1,0,↓a
†
0,1,↑a1,1,↑a0,0,↓ −0.0032323859 + 0.0000000000i Y1Y2X5X6 0.0008080965 + 0.0000000000i
125 a†1,1,↓a
†
0,0,↑a1,0,↑a0,1,↓ −0.0032323859 + 0.0000000000i X1Y2Y5X6 −0.0008080965 + 0.0000000000i
126 a†0,1,↑a
†
0,0,↓a1,1,↑a1,0,↓ 0.0032323859 + 0.0000000000i Y0Z1Z2X3X4Z5Z6Y7 −0.0008080965 + 0.0000000000i
127 a†0,1,↓a
†
0,0,↑a1,1,↓a1,0,↑ 0.0032323859 + 0.0000000000i X0Z1Z2X3Y4Z5Z6Y7 0.0008080965 + 0.0000000000i
128 a†1,1,↑a
†
1,0,↓a0,1,↑a0,0,↓ 0.0032323859 + 0.0000000000i Y0Z1Z2Y3X4Z5Z6X7 0.0008080965 + 0.0000000000i
129 a†1,1,↓a
†
1,0,↑a0,1,↓a0,0,↑ 0.0032323859 + 0.0000000000i X0Z1Z2Y3Y4Z5Z6X7 −0.0008080965 + 0.0000000000i
130 a†0,0,↓a
†
0,0,↑a1,1,↑a0,1,↓ 0.0025862490 + 0.0000000000i Y0X1X3Z4Z5Y6 −0.0006465622 + 0.0000000000i
131 a†0,0,↓a
†
0,0,↑a1,1,↓a0,1,↑ −0.0025862490 + 0.0000000000i X0X1X3Z4Z5X6 −0.0006465622 + 0.0000000000i
132 a†1,1,↑a
†
0,1,↓a0,0,↓a0,0,↑ 0.0025862490 + 0.0000000000i Y0Y1Y3Z4Z5Y6 −0.0006465622 + 0.0000000000i
133 a†1,1,↑a
†
0,1,↓a1,0,↓a1,0,↑ 0.0025862490 + 0.0000000000i X0Y1Y3Z4Z5X6 −0.0006465622 + 0.0000000000i
134 a†1,0,↓a
†
1,0,↑a1,1,↑a0,1,↓ 0.0025862490 + 0.0000000000i Y0X1X2Z3Z4Z5Z6Y7 0.0006465622 + 0.0000000000i
135 a†1,0,↓a
†
1,0,↑a1,1,↓a0,1,↑ −0.0025862490 + 0.0000000000i X0X1Y2Z3Z4Z5Z6Y7 −0.0006465622 + 0.0000000000i
136 a†1,1,↓a
†
0,1,↑a0,0,↓a0,0,↑ −0.0025862490 + 0.0000000000i Y0Y1X2Z3Z4Z5Z6X7 −0.0006465622 + 0.0000000000i
137 a†1,1,↓a
†
0,1,↑a1,0,↓a1,0,↑ −0.0025862490 + 0.0000000000i X0Y1Y2Z3Z4Z5Z6X7 0.0006465622 + 0.0000000000i
138 a†0,1,↑a
†
0,0,↓a1,1,↓a0,0,↑ 0.0025862490 + 0.0000000000i Y3X4X5Y6 0.0006465622 + 0.0000000000i
139 a†0,1,↓a
†
0,0,↑a1,1,↑a0,0,↓ 0.0025862490 + 0.0000000000i X3X4Y5Y6 −0.0006465622 + 0.0000000000i
140 a†1,1,↑a
†
1,0,↓a1,0,↑a0,1,↓ −0.0025862490 + 0.0000000000i Y3Y4X5X6 −0.0006465622 + 0.0000000000i
141 a†1,1,↓a
†
1,0,↑a1,0,↓a0,1,↑ −0.0025862490 + 0.0000000000i X3Y4Y5X6 0.0006465622 + 0.0000000000i
142 a†1,1,↑a
†
0,0,↓a0,1,↓a0,0,↑ 0.0025862490 + 0.0000000000i Y2Z3Y4Y5Z6Y7 0.0006465622 + 0.0000000000i
143 a†1,0,↑a
†
0,1,↓a1,1,↑a1,0,↓ −0.0025862490 + 0.0000000000i X2Z3X4Y5Z6Y7 0.0006465622 + 0.0000000000i
144 a†1,0,↓a
†
0,1,↑a1,1,↓a1,0,↑ −0.0025862490 + 0.0000000000i Y2Z3Y4X5Z6X7 0.0006465622 + 0.0000000000i
145 a†1,1,↓a
†
0,0,↑a0,1,↑a0,0,↓ 0.0025862490 + 0.0000000000i X2Z3X4X5Z6X7 0.0006465622 + 0.0000000000i
146 a†0,0,↓a
†
0,0,↑a1,0,↓a1,0,↑ −0.0024996262 + 0.0000000000i Y0X1X4Y5 0.0006249065 + 0.0000000000i
147 a†1,0,↓a
†
1,0,↑a0,0,↓a0,0,↑ −0.0024996262 + 0.0000000000i X0X1Y4Y5 −0.0006249065 + 0.0000000000i
148 a†1,0,↑a
†
0,0,↓a1,0,↓a0,0,↑ 0.0024996262 + 0.0000000000i Y0Y1X4X5 −0.0006249065 + 0.0000000000i
149 a†1,0,↓a
†
0,0,↑a1,0,↑a0,0,↓ 0.0024996262 + 0.0000000000i X0Y1Y4X5 0.0006249065 + 0.0000000000i
150 a†0,0,↓a
†
0,0,↑a0,1,↓a0,1,↑ −0.0023034911 + 0.0000000000i Y0X1X2Y3 0.0005758728 + 0.0000000000i
151 a†1,0,↓a
†
1,0,↑a1,1,↓a1,1,↑ −0.0023034911 + 0.0000000000i X0X1Y2Y3 −0.0005758728 + 0.0000000000i
152 a†0,1,↑a
†
0,0,↓a0,1,↓a0,0,↑ 0.0023034911 + 0.0000000000i Y0Y1X2X3 −0.0005758728 + 0.0000000000i
153 a†0,1,↓a
†
0,0,↑a0,1,↑a0,0,↓ 0.0023034911 + 0.0000000000i X0Y1Y2X3 0.0005758728 + 0.0000000000i
154 a†1,1,↑a
†
1,0,↓a1,1,↓a1,0,↑ 0.0023034911 + 0.0000000000i Y4X5X6Y7 0.0005758728 + 0.0000000000i
155 a†1,1,↓a
†
1,0,↑a1,1,↑a1,0,↓ 0.0023034911 + 0.0000000000i X4X5Y6Y7 −0.0005758728 + 0.0000000000i
156 a†0,1,↓a
†
0,1,↑a0,0,↓a0,0,↑ −0.0023034911 + 0.0000000000i Y4Y5X6X7 −0.0005758728 + 0.0000000000i
157 a†1,1,↓a
†
1,1,↑a1,0,↓a1,0,↑ −0.0023034911 + 0.0000000000i X4Y5Y6X7 0.0005758728 + 0.0000000000i
158 a†1,0,↑a
†
0,0,↓a1,1,↑a0,1,↓ 0.0020637531 + 0.0000000000i Y1Z2Y3Y4Z5Y6 −0.0005159383 + 0.0000000000i
159 a†1,0,↓a
†
0,0,↑a1,1,↓a0,1,↑ 0.0020637531 + 0.0000000000i X1Z2X3Y4Z5Y6 −0.0005159383 + 0.0000000000i
160 a†1,1,↑a
†
0,0,↓a1,0,↑a0,1,↓ 0.0020637531 + 0.0000000000i Y1Z2Y3X4Z5X6 −0.0005159383 + 0.0000000000i
161 a†1,0,↑a
†
0,1,↓a1,1,↑a0,0,↓ 0.0020637531 + 0.0000000000i X1Z2X3X4Z5X6 −0.0005159383 + 0.0000000000i
162 a†1,0,↓a
†
0,1,↑a1,1,↓a0,0,↑ 0.0020637531 + 0.0000000000i Y0Z1Y2Y5Z6Y7 −0.0005159383 + 0.0000000000i
163 a†1,1,↓a
†
0,0,↑a1,0,↓a0,1,↑ 0.0020637531 + 0.0000000000i X0Z1X2Y5Z6Y7 −0.0005159383 + 0.0000000000i
164 a†1,1,↑a
†
0,1,↓a1,0,↑a0,0,↓ 0.0020637531 + 0.0000000000i Y0Z1Y2X5Z6X7 −0.0005159383 + 0.0000000000i
165 a†1,1,↓a
†
0,1,↑a1,0,↓a0,0,↑ 0.0020637531 + 0.0000000000i X0Z1X2X5Z6X7 −0.0005159383 + 0.0000000000i
166 a†0,1,↓a
†
0,1,↑a1,0,↑a0,0,↓ 0.0012886166 + 0.0000000000i Y1X2X3Y4 0.0003221542 + 0.0000000000i
167 a†0,1,↓a
†
0,1,↑a1,0,↓a0,0,↑ −0.0012886166 + 0.0000000000i X1X2Y3Y4 −0.0003221542 + 0.0000000000i
168 a†1,1,↓a
†
1,1,↑a1,0,↑a0,0,↓ 0.0012886166 + 0.0000000000i Y1Y2X3X4 −0.0003221542 + 0.0000000000i
169 a†1,1,↓a
†
1,1,↑a1,0,↓a0,0,↑ −0.0012886166 + 0.0000000000i X1Y2Y3X4 0.0003221542 + 0.0000000000i
170 a†1,1,↑a
†
0,0,↓a1,1,↓a1,0,↑ 0.0012886166 + 0.0000000000i Y0Z1Y2Y3Z4Y5 0.0003221542 + 0.0000000000i
171 a†1,0,↑a
†
0,1,↓a0,1,↑a0,0,↓ −0.0012886166 + 0.0000000000i X0Z1X2Y3Z4Y5 0.0003221542 + 0.0000000000i
172 a†1,0,↓a
†
0,1,↑a0,1,↓a0,0,↑ −0.0012886166 + 0.0000000000i Y0Z1Y2X3Z4X5 0.0003221542 + 0.0000000000i
173 a†1,1,↓a
†
0,0,↑a1,1,↑a1,0,↓ 0.0012886166 + 0.0000000000i X0Z1X2X3Z4X5 0.0003221542 + 0.0000000000i
174 a†0,1,↑a
†
0,0,↓a1,0,↑a0,1,↓ −0.0012886166 + 0.0000000000i Y0Z1Z2Z3Z4X5X6Y7 0.0003221542 + 0.0000000000i
175 a†0,1,↓a
†
0,0,↑a1,0,↓a0,1,↑ −0.0012886166 + 0.0000000000i X0Z1Z2Z3Z4X5Y6Y7 −0.0003221542 + 0.0000000000i
176 a†1,1,↑a
†
1,0,↓a1,1,↓a0,0,↑ 0.0012886166 + 0.0000000000i Y0Z1Z2Z3Z4Y5X6X7 −0.0003221542 + 0.0000000000i
177 a†1,1,↓a
†
1,0,↑a1,1,↑a0,0,↓ 0.0012886166 + 0.0000000000i X0Z1Z2Z3Z4Y5Y6X7 0.0003221542 + 0.0000000000i
178 a†1,0,↑a
†
0,0,↓a0,1,↓a0,1,↑ 0.0012886166 + 0.0000000000i Y1Z2Z3X4X6Y7 −0.0003221542 + 0.0000000000i
179 a†1,0,↑a
†
0,0,↓a1,1,↓a1,1,↑ 0.0012886166 + 0.0000000000i X1Z2Z3X4X6X7 −0.0003221542 + 0.0000000000i
180 a†1,0,↓a
†
0,0,↑a0,1,↓a0,1,↑ −0.0012886166 + 0.0000000000i Y1Z2Z3Y4Y6Y7 −0.0003221542 + 0.0000000000i
181 a†1,0,↓a
†
0,0,↑a1,1,↓a1,1,↑ −0.0012886166 + 0.0000000000i X1Z2Z3Y4Y6X7 −0.0003221542 + 0.0000000000i
182 a†1,1,↑a
†
0,0,↑a1,0,↑a0,1,↑ −0.0011686327 + 0.0000000000i X0Z1X2Y4Z5Y6 0.0002921582 + 0.0000000000i
183 a†1,0,↑a
†
0,1,↑a1,1,↑a0,0,↑ −0.0011686327 + 0.0000000000i Y0Z1Y2X4Z5X6 0.0002921582 + 0.0000000000i
184 a†1,1,↓a
†
0,0,↓a1,0,↓a0,1,↓ −0.0011686327 + 0.0000000000i X1Z2X3Y5Z6Y7 0.0002921582 + 0.0000000000i
27
185 a†1,0,↓a
†
0,1,↓a1,1,↓a0,0,↓ −0.0011686327 + 0.0000000000i Y1Z2Y3X5Z6X7 0.0002921582 + 0.0000000000i
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TABLE X: 4-qubit Hamiltonian HˆK for Hydrogen Chain L = 2 d = 0.75 A˚
Qubit Term Qubit Term Coefficients
0 Z2Z3 2.7744459496 + 0.0000000000i
1 Z0Z2 2.7668087156 + 0.0000000000i
2 Z0Z1Z2Z3 2.7660138330 + 0.0000000000i
3 Z1Z2 2.7595490613 + 0.0000000000i
4 Z1Z3 2.7271696573 + 0.0000000000i
5 – 2.7062283487 + 0.0000000000i
6 Z0Z1 2.7019317795 + 0.0000000000i
7 Z0Z3 2.6877581557 + 0.0000000000i
8 Z0Z1Z2 0.7221310735 + 0.0000000000i
9 Z0Z1Z3 0.7221310735 + 0.0000000000i
10 Z1Z2Z3 0.6334818058 + 0.0000000000i
11 Z1 0.6334818058 + 0.0000000000i
12 Z2 0.5655432787 + 0.0000000000i
13 Z3 0.5655432787 + 0.0000000000i
14 Z0Z2Z3 0.2900481499 + 0.0000000000i
15 Z0 0.2900481499 + 0.0000000000i
16 Y0Y2X3 0.0397497285 + 0.0000000000i
17 X0Y2Y3 −0.0397497285 + 0.0000000000i
18 Z0X1Z2 −0.0393008313 + 0.0000000000i
19 X1Z2Z3 0.0393008313 + 0.0000000000i
20 Z0Y1Y2Z3 −0.0367567217 + 0.0000000000i
21 Y1Y2 0.0367567217 + 0.0000000000i
22 Y0Z1Z2Y3 −0.0367567217 + 0.0000000000i
23 X0Z1Z2X3 −0.0367567217 + 0.0000000000i
24 Y0Y1Z2Z3 0.0326898429 + 0.0000000000i
25 X0X1Z2Z3 0.0326898429 + 0.0000000000i
26 Z0Z1Y2Y3 0.0313922106 + 0.0000000000i
27 Y2Y3 −0.0313922106 + 0.0000000000i
28 Z0Z2X3 −0.0298574046 + 0.0000000000i
29 Z1Z2X3 0.0298574046 + 0.0000000000i
30 Y0X1Y2 0.0298574046 + 0.0000000000i
31 X0Y1Y2 −0.0298574046 + 0.0000000000i
32 Z0Z1X2 −0.0206868887 + 0.0000000000i
33 Y0Y1X3 0.0206868887 + 0.0000000000i
34 X0Z1Z2 −0.0181271348 + 0.0000000000i
35 X0Z2Z3 0.0181271348 + 0.0000000000i
36 Y0Z1Y2Z3 0.0160698330 + 0.0000000000i
37 Y0Y2 −0.0160698330 + 0.0000000000i
38 Z0Y1Z2Y3 0.0160698330 + 0.0000000000i
39 Z0X1Z2X3 0.0160698330 + 0.0000000000i
40 Y1Y2X3 0.0142522692 + 0.0000000000i
41 X1Y2Y3 −0.0142522692 + 0.0000000000i
42 Z0X2Z3 0.0137875716 + 0.0000000000i
43 Y0X1Y3 −0.0137875716 + 0.0000000000i
44 Z1X2Z3 0.0068993171 + 0.0000000000i
45 X0Y1Y3 −0.0068993171 + 0.0000000000i
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TABLE XI. Cluster amplitudes for the hydrogen chain d = 0.75 A˚, L = 2 case in momentum space.
t
kp,p
kq,q
, t
kp,p,kr,r
kq,q,ks,s
a Initial CCSD UCCSD-PBC Reduced 4-qubit UCCSD-PBC
t0,10,0 0.0000000000 0.0000000000 0.0000000000 –
t1,11,0 0.0000000000 0.0000000000 0.0000000000 –
t0,1,0,10,0,0,0 −0.0161539497 −0.0222876791 −0.0229664536 −0.0229681615
t1,1,1,10,0,0,0 −0.0569609701 −0.0823982633 −0.0816454412 −0.0816407724
t0,1,1,10,0,1,0 0.0212597555 0.0380474459 0.0378888082 0.0376957068
b
t1,1,0,10,0,1,0 0.0395001691 0.0576759056 0.0573221895 0.0575539623
b
t0,1,1,11,0,0,0
c 0.0395001691 0.0576759056 0.0573221895 –
t1,1,0,11,0,0,0
c 0.0212597555 0.0380474459 0.0377982828 –
t0,1,0,11,0,1,0 −0.0340291293 −0.0419293232 −0.0417395259 −0.0417364733
t1,1,1,11,0,1,0 −0.0365806656 −0.0997751631 −0.0995033827 −0.0995048168
a Since it is a 1D system, the k is represented by the number k(1) in the amplitude symbol.
b A factor 1
2
× is applied to compensate the removal of redundant excitations.
c Redundant excitations.
TABLE XII. Cluster amplitudes for the hydrogen chain d = 0.75 A˚, L = 2 case in real space.
t
Rp,p
Rq,q
, t
Rp,p,Rr,r
Rq,q,Rs,s
a Initial CCSD UCCSD-PBC
t0,10,0 0.0000000000 0.0000000000 0.0000000000
t1,10,0 0.0000000000 0.0000000000 0.0000000000
t0,11,0 0.0000000000 0.0000000000 0.0000000000
t1,11,0 0.0000000000 0.0000000000 0.0000000000
t0,1,0,10,0,0,0 −0.0055512163 −0.0137359314 −0.0136913973
t0,1,1,10,0,0,0 0.0108396392 0.0294891060 0.0287413413
t1,1,0,10,0,0,0 0.0108396392 0.0294891060 0.0287413413
t1,1,1,10,0,0,0 −0.0663111410 −0.1094592829 −0.1089654956
t0,1,0,10,0,1,0 −0.0006262812 0.0092546360 0.0091860234
t0,1,1,10,0,1,0 0.0004436642 −0.0092480438 −0.0092005838
t1,1,0,10,0,1,0 0.0186840778 0.0103804159 0.0103059545
t1,1,1,10,0,1,0 −0.0006262812 0.0092546360 0.0091905367
t0,1,0,11,0,0,0 −0.0006262812 0.0092546360 0.0091855366
t0,1,1,11,0,0,0 0.0186840778 0.0103804159 0.0103059545
t1,1,0,11,0,0,0 0.0004436642 −0.0092480438 −0.0091844163
t1,1,1,11,0,0,0 −0.0006262812 0.0092546360 0.0091910211
t0,1,0,11,0,1,0 −0.0663111410 −0.1094592829 −0.1090064588
t0,1,1,11,0,1,0 0.0108396392 0.0294891060 0.0294742105
t1,1,0,11,0,1,0 0.0108396392 0.0294891060 0.0294742105
t1,1,1,11,0,1,0 −0.0055512163 −0.0137359314 −0.0137443563
a Since it is a 1D system, the R is represented by the number l(1) in the amplitude symbol.
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Appendix C: Lattice parameters and geometries
TABLE XIII. Geometries of the primitive cell for the investigated systems.
System Dimension atoms x y z
H2
1D
H1 0 0 0
H2 d 0 0
2D
H1 0 0 0
H2 d 0 0
3D
H1 0 0 0
H2 d 0 0
He
1D He1 0 0 0
2D He1 0 0 0
3D He1 0 0 0
LiH 1D
Li1 0 0 0
H1 d 0 0
TABLE XIV. Lattice vectors of the primitive cell for the investigated systems.
System Dimension Lattice vector x y z
H2
1D a1 2.5d 0 0
2D
a1 2.5d 0 0
a2 0 2.5d 0
3D
a1 2.5d 0 0
a2 0 2.5d 0
a3 0 0 2.5d
He
1D a1 d 0 0
2D
a1 d 0 0
a2 0 d 0
3D
a1 d 0 0
a2 0 d 0
a3 0 0 d
LiH 1D a1 2d 0 0
